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PREFACE

The Oiffice of Naval Res2arch spousored an informal
confercnce on fundamental probiems in laser physics
at the Concord Motel in Des Plaines, Illinsis, on

Monday aand Tuesday, the 22nd and 23rd of March.
The meeting was held primarily for the benefit of the
ONR ccentraclors receiving suprort from the Funda-
mentat Limitations portion of the ONR/ARVA Lazer
Drogram. However, others interested in this asject
of the ONR/ARPA Laser Program were also invitéd
to sontribate to the n.eeting.

It was intended that the conference primarily be de-
voted to discussion of certain specific topics without
the presentation of formal papers. In order to start
off each session, specific contractors we re usked to
discuss work on their researh programs together
with comments on the possible future direction of
their work. The original agenda for the mecting
foilows:

Agenda for Laser Physics Conference
Monday

22 March 1965
3:00 P.M. - 6:00 P. M.

SessionI Moderator: R. E. Behringer, ONR
Part 1 Energy Exchange in Solids (including
crystal field effects)
Discussion
Leaders: D. S. McClure, University
of Chicago
W. Holloway, Sperry Rand
Lurp. o T
C. Naiman, Mithras Corp.
Part 2 Energy Exchange in Gases
Discussicn -
Leaders: T, Marshall, Columbia
University
M. Muller, Varian
Associates
Tuesday

23 March 1965
9:00 A. M. ~ 12 Noon

Session II Moderator: J. A. Soules, New Mexico
R State University

R

i, iv
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Part 1 Nonlinear Effects
Discussion
Leaders: R. Braunstein, UCLA

Y. R. Shen, UC Berkeley

M. Subramanian, Purdue

Luncheon
12r
Aligar 's at Concord Inn

Tuesday
23 March 1985
1:00 P.M. - 4:00 P. M.
Session Il Moderator: F. T. Byrne, ONR
I"%rt 1 Gas Breuakdown

Discussion
i.eader: A. Haught, United Aircrait

Corp.

Part 2 Refractive Index Variation

Discussion
Leaders: J. Izatt, New Mexico State
University
H. Daw, New Mexico State
University

In addition tothose on the agends, severalparticipants
made contributions which added substantially to the
success of the conference. Transcripts were pro-
vided to all contributors for editing purposes; with
some additional editing done by the organizer. Most
editing was held to-a minimum, although in some in-
stances a considerable amount was done.

Many thanks are due Lloyd White and Richard Miller
of ONR Chicago for the excellent job they did in muk-
ing local arrangements and providing for both tran-
geribing and recording services. Prof. Jack Soules
and Lloyd White contributed many helpful suggestiorns
and constructive criticisms inthe planning of the pro-

gram and thereby assured the overall success of the

conference.

Robert E. Behringer
Office of Naval Research
1030 E. Green Street
Pasadena, California

vse as ¥ g Amdree v s o Y —



Session | Moderator: R, E, Behringer, ONR

Part1 Energy Exchange In Solids (including
crystal field effects;

Monday Afternoon
v 22 Merch 1965

McClure University of Chicago
Lohr University of Chicago
Holloway Sperry Rand
Schawlow  Stanford University
Ohiman Westinghouse
Naiman Mithras

diBartola Mithras
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MONDAY AFTERNOON SESSION

March 22, 1965

The Monday Afiernoon Session of the Laser Physics
Conference was called Lo order at three o'clock p.m.,
March 22, 1865, at the Lexington Roon: of the Con-
cord Motel, Des Plaines, Illinois, Dr. Robert E.
Behringer, Moderator.

DR. BEHRINGER: I believe we are ready to start now.

I think just about everyone is here. I will now turn
the meeting over to Prof. Don McClure and he will
give us a synopsis -of the sort of work he is doing
at Chicago.

PROF. D. S. McCLURE: Thank you. The work we
are doing is in several parts. The part I will spend
most time on is what we call the collective effects on
transition intensities. This is nol exactly in energy
transfer, although the effects we are talking about are
those whichenhance the intensity of anabsorption band
as a consequence of the closeness of several ions in
the erystal.

The firsl observation that struck my attention was that
the pairs of manganese ions whichoccur randomly in a
mingunese-doped zine sulfide crystal and which we

identified and have already published some years ag.
were ien times more strongly absorbing than the sin-
gle ions themselves. This suggested that there were
some interesting effects of exchange on this intensity.

The next observation was that in pure chromium oxide
the quirtet transitions are about five times more in-
tense than they ure in ruby, whichthese transitions re-

semble; there is one-to-one correspondence between
ihe puby transitions andthose in €hroniiim oxide. The

doublel transitions were enhanced many more foldthan
the quartet transitions.

Then Ferguson has observed some very sharp bands
in KMnF3 which intensify by an order oi magnitude or
more when the manganese is present as a pure com-
pound compared {o the diluted form in KZnFj3.

We have collected a number of other exampler of this
nature and Larry Lohr who will follow me, is working
with me on these problems, and he will discuss them
briefly.

Our interest was to see if this is a general phenom-
enon, and having found that it is, we want to explain it,

However, we have had to back up a bit and expiuain the
single ion transition moments in more detail, which
Larry has largely done.

The next aspect of this work hag been the study of the
extra bands which appear in antiferromagnetic com-
pounds. We hitve found in the literature and inour ex-
perimenial work a number ol cases in which a band
appears below the Néel lemperature and disappears
abave it,

A band in N{O was the first of these, distovered by
Neuman and Chrenko. This band appears in the

infrared and no one as yet has found a suitable expla-
nation for it except that it has soinething to do with
the antiferromagnetism of NiO,

An interesting one which we have been working on is
in cobalt fluoride, a rutile type structure., A band at
about 23,000 wave numbers appears below the Neel
temperature and disappears above it. It is polarized

perpendicular to the C axis and is an electric dipole
transition.

We think this might be an exciton of some kind in the
cobalt fluoride lattice and, il so, it will be very inter-
esting to identify it positively, because this would be
a new kind of excitation. Although excitons are ob-
served in molecular crystals and in inorganic crys-
tals such ag ecadmium sulfide, noonre has yet positi—ely
seen one in transition metal salts in which the excita-
tions are d to d electron transitions.

In order to find out a little bit about these transitions
we havr been using our pulsed magnetic field appara-
tus and have been able to alter the spectrum of this
band in fields up to 200 Kilogauss. I can't yet say
what this is telling us, but Interesting things have
happened and we believe that shorily we will be able
to give a reasonable interpretation of these data,

Since there are two ions per unit cell in this crystal
they may have a collective state which has odd parity.
You realize that the states of single ions all have even
parity.

Well, this is about all I want to say on the collective
effects in transition intensities.

We are also doing some work on the analysis of the
divalent rare earth spectra and I will just give a very
brief idea of what this is like.

We are working mainly on the divalent rare earths

which are uninteresting to laser pecple, I am sorrxy
to tell you, but it is these particular ones which donot
luminesce which I think will tell us important things
about the 5d electrons in these compounds.

We put the rare earth into caleium fluoride or stron-
tium chloride and reduce it by various means to +2,
while it is in the crystal, We are now doing various
chemical reduction techniques which work satisfac-
torily, although as you well know we can reduce these
by radiation methods and by electrolytic methods. We
have tried them all.

But our main interest in studying these icas is to find
out whether the ground state in the geries of rare
earths, starting from lanthanum, going to gadolinium,
ending at ytterbium, ever becomes a 5Sdelectron state.

You realize the 43 rare earths always have 4f elec-
trons in the ground state and so also do the +2 rore
earths. In the latter the low energy transitions uie
nf two kinds, the 4f to 4f and 4f to 5d.

R o fte p——————— Y W S . St
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But in the particular cases of lanthanum, gadolinium,
cerium and terbium, it seems that the 5delectron in-

trudes into such a low enexrgy region that the ground
state may contain a 5d electron.

We hzve done a quite complete analysis of the ytterbium
spectrum, which shows us somethingabout the param-

eters of the crystal fleldand the electrostatic coupling,.

in this one example, and we think we can be equally
successful in cerium. Weare getting good spectra
and we have a complete crystal field analysis.

There are one hundred fnrty states in ytterbium ia

zero syimmetry, and something like fifty in the rabic
symmetry. In cerium there are fifty states, also, in
the {d configuration and about the same number in the

7

12 configuration. We have to find out which configura-
tion produces the ground state in this case.

Well, these are all the remarks I want to make about
those two problems in general, and Larry can give us
a little bit more detail on the particular problem of the
manganese spectra and the collective effects. Per-
haps we should have questions first.

DR. BEHRINGER: Questiuons any time they arise, T
would say.

PROF. ARTHUR SCHAWLOW: Have you identified a
case where the d levelis lowest?

PROF. McCLURE: Well, it seems to be fairly cer-
tain for gadolinium and lanthanum, and cerium and
terbium are on the borderline.

e
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DR. LARRY LOHR: The sub-title of this afternoon's
session is crystal field effecls, and that will be the
eimphasis in my part of this, although we willsee that
there are cartain aspects of experiments that as pre-
viously mentioned seem to require some cooperative
inferactions in order for them to be explained.

As mentioned, we zve ccucerned with the optical
spectra of divalent manganese salls. If you as« why
divaleni manjanese, you recall that divalent manga-
nese is the ion with a half filled 3d shell and with that
you get more possible arrangements of electrons and,
hence, more staies than with any other possible num-
ber of elcctrons. That means the possibility of more
data with which to test out the ideas.

In additlon, some of these transitions are extremely
sharp. The sharpest one that I know of is a transition
in the blue, which has a width at liquid helium temper-
ature about one and a half wave numbers at an energy
of 23, 000 wave numbers, which is quite sharp.

The experiments, with very few exceptions, have con-
sisted of visible and ultraviolet absorption specira, a
bare minimum of emission and diffuse reflection work.

Of course, weobserve energies and intensities together
with vibrational structure and perhaps {iner structure,
splittings of the order of one to ten wave nunibers, as
a function of the nature of the salt, the temperature,
concentration of man_anese in a few cases when it is
in a dilute salt, polarization of light, and alsc, as
mentioned, a strong magnetic field up to 200Kilogauss.

The information which we attempt to extract from all
this data, first of all is the assignment of excited
states in terms of symmetry and epin, this {sactually
the least interestingbecauseat the present state of the
artit ispretty weliundersiood for any oclahedralcom-
plex. However, it is the slartingpoint for all the rest
of the analysis, so it is important although there are
very few surprising resulls.

The second thing is the question of intensity mechan-
isms, which is not nearly so well understood. Other
information we would like to obtain, of course, are
geometry of excited stales, Information about the
nature of the vibrational structures we observe in
absorption: are these frequencies differentin the ex-
cited states than they would be in the ground state; in
the case of an io~ ‘vhich has an impurity in acrystal,
are we observing localized modes or arc they lattice
maodes?

The spin couplings are of great interes . expecially
that of an optically excited ion to a neigh) irparamag-
netic¢ ion in its ground state, or betweer lons of two
different electronic states.

I have been especially interested in tlie e.fects of the
co-valency or delocalization ofelectronson the inter-
electronic repulslons.

Lastly, lhere are questions, as mentioned, concern-
ing the energy transfer to other ions.

Cun we see slide number one, which Is a listof com-
pounds we have been considering, and I should say
here we have notbeen doing experimente onallof these.
These are the compounds we have been considering in
our analysis. There are about eight of these or so that
we have been doing experiments on ourselves in the last

]
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year or two. These include the manganese chloride
dihydrate, sulfate tetrahydrate, the manganose per-

chlorate hexahydrate, marzanese carbon:.te, cadmium

fluoride with manganese, zinc sulfide with manganese.
One or {wo more repregent our own experimental
work. The rest representexperimental work in liter-
ature and unpublished experimental work by other
researchers.

The second column just lists the chemical complex,
50 to speak. The third column is the site symmetry.

Nearly all of these are six coordinated. The only ex-
ceptions are cadmium fluoride, which is eigiht, and
four in the fwo forms of zinc sulfide.

In addition, most of these are centro-symmetric,
even though they may vot be perfect octahedra, as you
can see here. Nearly all of these site symmetries
contain the inversion, the exceptions being the
chloride tetrahydrate and suljate tetrahydrate and,
obviously the tetrahedral complexes.

Among the six-coordinaied species, the retrahydrate
ones are the only non centro-symmetric cnes. Of
course, this is important when you recall, as men-
tioned, these transitions are within the dshell, hence
they are even states to even states.

The Jast column lists the manganese distancesin these
various compounds in the form of X-ray data. You
see in a number of simple compounds, especially the
binary compounds, there are manganese-manganese
distances of between three and a quarter to four Ang-

stroms. This is of importance, for the following -
PEason.

My P2 saLTs )
SITE By, My Al AND
COMPOUND  COMPLEX  SYMMETRY NuMu.R OF NN N
MF MeF s D,  3B,381®
MyCl, MCly Oy  368(6)
Mbry My Dyy  382(3)
My Myl Dy 41606)
M Cly 24,0 MCl(OH), 370
MGyt 0 MCLON), ~6, NOT BRIDGED

My Brz- tIHZO MN812(0H2)4 C‘ ~—, NOT BRIDGED

M0 MyOg 0, 313(12), 4.43 (6)

¥ S MSe 0, 368 112). 5.21 {6
Z,SiMy My T, 384(12)

2. 5tMy My 4 Gy, 3.811(6), 3.815(6)
KM F MyF o, 418 (61

KZFqthy MyFg 0, 405 16)

CdF My MyFq 0, 381012)

M, CO, M0 g, 376 (%)

MyS,Fy 61,0 M (OH), C,, ~—=, NOT BRIDGED
My(C10,),e 6H20 My 1OH, Cq ——, NOT BRIDGED
M50, 4H,0 My{OH,),0, o —~, NOT BRIDGED

That will be all for that slide, please.
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In examining all of this data, one of the most interest-
ing conclusions or observation hat has come out of
this is that the integrated inten...tes, thatisthe oscil-
tator strengths, canbe roughly dividedinto twogroups.
There are compounds where you have manganese
neighbors. Tn such situations you get oscillator
strengths of the order 10-7, say, up to 10~8 or possi-
bly up to 10-5. Now, these refer to the pure, simple
binary compounds.  Several examples are shown in
Slide No. 2. 1Italso fefers to the cases where you
have impurity ions in large encugh concentration so
that you have pairs or larger clusters, for example
manganese in ZnS and KZnFg.
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On the other hand, the other group have oscillator
strengths that are, say, roughly one-hundredth of that.
These include isolated manganese ions in, say, a
‘nearly centro-symmetri or even exactly centro-
symmeiric complex. Thi . includes all of the higher
hydrates, such as tetra or hexahydrates, where even
though they are pure compounds you have essentially
discreet complexes, so there is a large distance.
There is no simple bridging. It includes that group
«nd then, also, of course, the situation where you
have an impurity ion of a very low concentration.

It is observed in these concentration studies, of
course, that these intensities do not obey Beer's law
quite strictly; they do not by one or two orders of
magnitude departure.

We don't know asyet just what this intensity mechanism
is in this concentrated case, except it must involve
some sort of cooperative mechanism.

In the dilute cases it is more or less understood that
there are only three possibilities, all of which involve
the spin orbit coupling, since these are ail spin-
forbidden transitions. The first possibility is that the
transition is magnetic dipole; these are intrinsicly
weak.

The second is that it is electric dipole, by the small

odd discortion that you have in some of these comple-
tions, like the chloride tetrahydrate, and the third

being they are made aliowed by a coupling with anodd
vibration in the centro-symmetric ones.

All of these mechanisms, since they all involve spin
orbit coupling, can only give rise to oscillating
strengths, of the order of something like 10-7 cr 10-9.

DR. ROBERT C. OHLMAN: Are these at room tem-
perature or below the Néel temperature in cases you
are describing?

DR. LOHR: A very good point; it really doesn't mat-
ter. This is what I was getting to next. is that al-
though the band shapes of these compounds are very
sensitive to temperature in some cases, not all, in
integrated iniensities (the area} is remarkably insen-
sitive to lemperature. It doesn’'t matter whether you
are abcve or below the Néel temperature.  This is
very surprising. If thesc things are ascribzd to be
vibronic, one would anticipate a temperature depend-
encc which goes something like the hyperbolic co-
tangent of one over the other.

This is observed in divalent cobalt and divalent nickel
spectra in some cases, but here we don’t see it even
in the centro-symmetric systems. To the accuracy
you can measure the oscillator strength in KMnF3 or
in-MnCO3g there does not seem {o be any temperature
dependence of the areas, which is a puzzling point.
We have made some progress recently in itrying to
interpret the polarizations of these; allour spectra, by
the way, are essentially single crystal spectra. For
those few compounds that are non centro-symmetric,
we perform simple semi-emperical extended-Hiickel
molecular orbital calculations, from whicnh one can
generate one electron energizes and approximate one
electron wave furctions. These can be combined in
such a way to produce five electron statesand one can
get the five electron, total oscillator strangths.

This, of ccurse, is notapplicable incase of the centro -
symmetric systems.

" Only one compourd to my knowledge ' as been shown fo

be definitely magnetic dipole in som» of its character-
istics. It is manganese hexafluorosilicute hexahydrate.
If the oscillator strength is greater than 10-9 you can
just about rule out that mechanism, for diluting sys-

tems anyway.

PROF. SCIZAWLOW: You say the oscillator strength
greather than 10-9 rules out magnetic dipole. Does
the polarization also confirm that?

DR. LOHR: Yes, this is it essentially. This is how
one knows you are looking at an electric (or magaetic)
dipole aside from the question of intensity. In fact,
the polarization argument is, of course, really the
conclusive one and the other is sort of confirming, but
not quite as reliable. But I think it is.

One other thing I would like to briefly mention is the
work we have done in connection with the analysis of
all the spectra in terms of the energies and wave func-
tions obtained from using a slightly different formalism
than the traditional ones. One usually think." in terms
of the Orgel matrix or the Tanabe-Sugano matrix, in
which the energies of all states are represented by
three parameters; in terms of cubje crystal field10Dq
(or delta) and in terms of Racahparaneters of Slater-
Condon parameters (Fp and F4.or B & C), whichever
you nrefer.

We have found it convenient to recase all of these e.

pressions in a slightly different formalism, in which
instead of taking B and C (or Fg and F4 as adjustable
parameters for the complex ion, which does not lend



itself very well to interpretation, because in the free
ion they are essentially a measure of the shape of the
radial funciion. When you no longer have & spherical
system it is not easy to interpret these parameters,
although you can fit them [airly well; we have found it
convenient to’do something like the following:

I will not go into any great detail on this, but just sort
of outline the kind of thing:cne means. Say if you have
a given electric repulsion integrail, this would be a
Coulonb integral,

[ramege) 5~

involving just one d: oital now, we can write it sym-
bolically as dz,d%, just the classical repulsion of
this charge distribution d2 with another electron in
the same charge distribution; this integral has a value
in terms of the Racah parameters of A + 4B + 3C. I
will put subscript zeros in here, Ag + 4Bg + 3Cp, in=
dicating this a Iree ion. Normally, for a complexone
would just take a B and C as readjustable parameters;
in- other words, ¥ am just taking new values of these.

¢d(1)¢d(2 dr, dry

Well, we have taken the scheme that you go back and
think of this d now as having not heen a pure d; it is
somewhit deiocalized, it has some mixing of ligands,
i other words, it is represenling a general wave func-
tion ¥, which is some coeflicient of this d orbital plus
the coefficient of the ligand;

W - Cd¢d + Czéﬂ

to a very good approximation this integral (when yon
sy what you really mgan here, vou want the integral
[_W‘W{] analagous to_ [d2,d2 ) is ‘equal just to the one
¢enter term d2,d A mulhpbed by the square of the
fraction of d characler (Ig) in this molecular orbital,
where fg is defineit in accord with Mulliken as Ca?,
(this integral must be fourthpower in the coefficientas
the orbitalappears Iour times)plus half of the overlap
term between the d orbital and the ligand orbital,

d

Such a scheme effectively is including more than the
onecenter téerm; it igdncluding the one center Coulomb,
plus two center exchange integrals, but it does neglect
two center Cculomb integrals, which are lirge, but
one can show thal providing you are looking at transi-
lions which are ¢rystal field independent that theseare
largely cancelled out.

Now, we have set up many of our fitting schemes in
terms of these, in which these {actors (fg), in general
one for cach of the five d orbitals, will be your adjusi-
able parameters for {itling, mulliplied by the atomic
expressions using atomic numerickl values for Bgand
Cp. Additional parameters are the orbital energies,

or merely 10Dg for cubic complexes.

Now, the advanlages of this scheme are several. I

must mentlon this is not completely new; il is an ex-
lension of some ideas that were used some years ago
hy Koide and Pryee In analysis of manganese spectra.
Their scheme s a speclal case of this.

One thing that it gives directly is the splitting of some
of the aveidentally degenerate, crystal-field independent

levels, not only in manganese, but also trivalent chro-
mium and many other systems. Sometime you have
two spectrai terms whicl. accidentally have the same
energy il you asrume the electron repulsions to have
the free o= form. These degeneracies are automat-
ically lifted here.

An even bigger advantage is this extends itself very
nicely to censidecation of low symmetry. For those
transitions which don't depend upon crystal fields,
that is they con't depend upon differences in orbital
energies, the transitionsare essentially atomic in that
they depend upon rearrangement of electrons, and the
energy is just that for going to anunfavorable electran
repulsion situation.

We can do several things as far as the values of these
(fq), either use them in a fitting scheme or we just use
them arbitrarily or also we have had some success
taking these from some molecular orbital calculations
of the type I mentioned previously in connect’»n with
oscillating strengths. It means 1 riting out a list of
repulsion integrals, one by one.

Another thing tha\ has been applied to, as a sideline in
checking this out, is the case of some Stark effects on
aptical lines, in which the interpretation is that the
electronic field (the particular case was ruby) is
changing the molecular orbital slightly due toelectro-
striction. If the transition in question is crystal field
independent, it depends only on the electron repulsions,
so0 what you are actually doing by changing the wave
functions, is that you are modifying the electronic re-
pulsion integrals and that is egsentially the pseudo.
Stark effect one observes iz ruby.

There are 2 number of other aspects of our work which
I won't have time to go into. One is some of the anal-
yses of some of the fine structure, that is some of the
second-order spin orbit splittings you see in excifed
slates, splittings of the order of five to ten wave num-
bers. We have been able to calculate these in case of
a cubic site and aquartet E state which is second-order
split, and we believe this has been observed for man-
gunese in zinc sulfide. We hope to extend this to low
symmetry to account for some of our recent experi-
mental splittings of this type in low symmetry
compounds,

The vibrational analysis 1s making some progress, but
we have a long way to go there. Well, we hope to have
more lo say about that. We do think that there is evi-
dence [rom experiments andzlso {rom our calcviations
that the excited states of divalent manganese, andthere
are quite anumber of these, are more or less unstable

with respect to various distortions and in some states

unstable with respect to many distortions, not just a

totally summetric one. This is the reason you may
just get a broad band instead ol a lot of discrete lines;
in other words, the band you see, even at low temper-

ature, shows nostructure, it is just a superposition of

many vibrational progress;ions.

Other states, even the crystalheldindependenttransi-
tions, are occasionally broader than you would antici-
pate. However, the fact that a transition is independ-
ent of 10Dq does not mean that the transitionenergy is
independent of a totally symmetric distortion. These
are not quite the same thing, when you consider the
energies in terms of a scheme such as this (variable
electron-repulsions), and there is some experimental
evidence that this is the case in some of the higher
states of manganese carbonate.
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DR. CiaRLES NAIMAN: We have been studying
some chrilar pair effects for a while and have found
parallel results which may shed light on what nwas
been pregenied here,

In these cases we have been looking mostly at chro-
mium, heavily doped ruby in particular. There avce

nds in the near UV, which display some of thesame
properties that you have just heard abiout manganese
systems. ¥

We believe that we have at leasi one possible explana-
tion of tha experimental observation (similar to what
McClure mentioned earlier) that when you have pair
effects you can get violatitns of symmetry that lead

to an enhanced intensity.

Another important expari-nental fact is the tempera-
ture dependence which 1s quite critical. I think there
are some people in tris ardience that are better aware
of this than I, but let me Just mention what we have
observed briefly.

If you take a lock at heavily doped rut  we [ind on
the tail of the blue bands four relatively sharp bands;
two in one polarization and two in the other. These
absorptions appear to go #s the square of the concen-
tralion. Furtherincre, if you study the temperature
dependence of these same bands, you find the same
interesting question which came up earuer.

For example, you might ook for a coth 2'1'(1\ depend-
ence for the absorption intensity, You don't find this.
In other words, it doesn'l seem to be made hy vibra-
tions even through there is a lot of vibrational struc-
ture on top of these bands.

The other thing you might lock for, is the iype of in=
teraction Professor Schawlow and others have found
for the pair lines, such as the N lines near the R
lines. Here one has ferromagnetically or anti-
ferromagnetically coupled pairs, If that is the case
then you have some energy level systemn whi h either
starts with total S equal to zero antiferromagnetic
cuupling or if you take the two spin 3/2 coupled ferro~
magnetically you will end up with a total spin of three,
Either way oiie ends with a Lande interval rule and
then you will also get an exponential dependence for
the absorption intensity reflecting the population of
these states and the selection rules that go with them.
These bands again don't show this type of dependence.
The latter occupied our first thoughts because there
are known to be some doublet energy levels that are
spin forbidden from the ground state in this region.
They tnen might have been made allowed by this mag-
netic pair spin coupling,.

We think there is another possible explanation, that
runs semething like the following:

What happens is that you probably have in the ground
slate a d3 -d3 pair complex, but the excited state is
a d2 -d4 state with proper symmetry normalization,
In other words, here we have somehow produced a
double "charge transfer" or "oxidation-reduction"
transition,

For example, you think of this whole complex as two
chromiums embedded in nine oxygens, where you
have two outside triangles of oxygens sitting on their

bhases and anothexr one botween them standing on its
ape:. Each chromium resides along the trigonal axis
between the central triangle and an outer one. If you
follow this model and maintaiy trigenal symmetsry at
lease for the ground state, then you {ind what your
ground state has to be by just coupling their orbital
anguiar momenta,

The lowest of such excited stales should correapord
to a d2 ion in its ground state and a d4 ion tn ‘e
ground state, Take these states and now cruple thene
together and you will find that in total you ca « pet, in
a trigonal field, four states, of whith twer will appear
in one polarization and two inthe other. Tliis is the
main absorption characteristic found.

Interestingly, we found at least one other chromium
complex which is very similar to this, where we can
also explain some pair spectra that occur tn the same
region,

That is @ rather exotic Least which looks like the fol.

fowing: You've got a chromium ion, with an oxygen
bridging the two chromiums =and then surrounc ng
each Cr at the other f{ive coordinating positions we
have an ammonia. Here we h.ve in tetraginal sym-
metry the parallel of what we had in the trigonal sym-
metry of ruby. Schaeffcr very interestingly found
that this complex also nas four b, nds in thi. near UV
region. Here again these intensities are also high
for three of them, (they ar~ almost as strorg ~s the
blue and green band), while one of them is ' ew..

Now, you can postulate the same transition =i zha-
nism. Again gu to your d2-a4 grouna states, couple
their orbital angular mom~nta togethe», and again
you end up with four bands. Now ycu have tetragenal
selaciion rulas; and in fact you can oo a ston funther,

See055100 U A niAct you .can. g 4. sie LIINAL.

You can assume, to the first approximation, that the

pair splittings will just be due to the single ion split-

tings in tetragonal symmetry. If one uses the and
2 formalism of McClure for the ey and toy tetragonal
splitting and just add the single ion energies you can
then compare these with the experimental data. Be-
cause there are two unknowns (a & g) there is still
some ambiguity which however can be resolved be-
cause, using D4p symmetry one of the transitions
will be electric dipole forbidden. This is the one
which we assign to the weak absorption, We get self
consistent results with the tetragonal splitting of
transition metal ions in porphysics.

Now, the same mechanism, appeaxs to be applicable
to a lot of other systems.

For example, you can ask yourself lthe following
question in ruby. If I have gone ahead and produced
an excited d2-d4 state where the d2 and d4 ions end
up in their single ion ground state what will thaﬁ elec-
trol configuration look like? This will be d2 (t5;)
-ad (tggeg). In addition to producing this excited
state I can also produce that one which corresponds
to dz(tgg) —d4(tgg). In fact in the single ion approxi-
mation the difference between these twe is approxi-
mately the value of 10Dg for the d4 system. For
example, Mn+3 inAl1503, In other words, there
should be a pair absorption band at a frequency
higher than the pair bands which are at"{BO, 000 cm
by about 17,000 cm-1,

-4/1
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I undexrstand from Nelson at Bell Labs they have seen The other thing I would like to pcint out is that I think

such pair effects in the 48, 000 em~} region and so it Balhausen has also seensome unusual intensity effects
seems to be quite a general mechanism, Copper ace-~ in nickel systems. He has ascribed them to excitons,
tates, which are the first pair effect complexes, have in the dN-—-dN gystem. This appeared in a government
also shown such transitions that appear in the near report around a year and a half or two years ago, pro-
UV, so we think this may be a very general mechanism. viding another possible mechanism to be explored.
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DR. HOLLOWAY: I would like to summarize that por-
tion of our work which involves transfer of energy in
solids and is pertinent to the present discussion.

This work has been discussed in some detail in the
technical summary reports, with which I am sure you
are all familiar. N

‘Ve have studied the transfer of energy between active
ions by the examination of the fluorescence properties.
The experiments may be divided into two major sub-
headings, the effect of the interactions between rare-
earth ions on the rare-earth ion fluorescence and the
studies of the fluorescences in concentrated manga-
nese systems.

Since the rare-earth ion work is most pertinent to k.ls
section and ir also the best understoed, these studies
will be emphasized. There are two types of studies
which have been dor.e involving the rare-earth ion ,
the quenching or the deterioration of the fluorescence
of an active ion by a second ion and the transfer of
excitation energy {from one tluorescent ion to a second
ion.

These results cre consistent with the resonance trans-
fer of energy theory. Thatis, a virtual photon may
be exchanged between ions with appropriate energy
levels. In the particular examples which we have
studied, this means there is an overlap of the fluo~ ~
rescence lines of the excited ion and the zbsorption
lines in the second or quenching ion.

For our first example we have studied the radial de-
pendence of the quenching Interastion of e tri-valent
holmium ion on the tri-vaient terbium ,on true. smee
in rare-earth trichloride hexahydrates. Experiment-
ally, nur technique has been to flash-excite the terbium

ion. fluorascenes and then. meagure its deeay as a func-
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tion of the concentration of the homium ions. May I'
have the first slide which indicates the procedvre used
in these experiments.
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« L (dipote=dipole,
« (div0le-quadrupole)

« A (quadrupole-quadrupoloe}

The quantity which we observe experimentally is 7,
The Ty 15 compoged of (1) an intrinsic fluorescence
lifetime Ty, which is determined by the temperature
and crystal site symmetry and is just the lifetime withi-
out Jonic¢ interactions and {2) an artificial lifetime Tyni
which is determined by these fonic interactions. This
artiflcial lifetime is inversely proportionul to the
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probability for quenching interaction. From the res-
onance transfer of energy thcory, the radial depend-
ences which one expects for various types of interaction
are well haewn and are listed on this slide.

In the data which I will show either Pint or Tyt is
given as a function of concentration. Since the con-
centration is proportional to the inverse cube of the
radius, this is equivalent to plotting the radial
dependence.

The next slite shows the typical data for Tgpg as a
function of concentration. The experiment can be
viewer:as a dilution of crystals of Thy5 HOp5 Clg « 6H90
with 4 Clg « 6H50. Only the holmium ions effect the
terbium Jluorescence. This slide shows a typiecal
curve. The T may be obtained by extrapolation of
the data to the point where no interactions are present
due to holmium ions so that Ty~ Tops. "
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In the next slide, we show this data reduced ir the
manner described in Slide 1. The probability for a
quenching interaction is shown as a function of C2,
The brackets indicate our errors. Indeed, we see
that the probability foi quenching interaction is
roughly proportional to £-6 or C2, which we believe
indicates a dipole-dipole interaction between the
terbium and the holmium ions.
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The other fact that is important in the resonance
transfer of energy theory is that there be an overlap
of the fluorescence bands of ‘he excited ions with the
absorption bands of the quenching ions.

In the next slide we show explicitly the terbium fluo-
rescence lines and their designations and thie holmium
absorption lines and, demonstrate explicitly the over-
lap in this case.
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From the“literature one ¢an alse findlifelime dats for
Tobs a5 a function of concentration. The one case in
the literature which we reduced by the methoc de-
seribed above was periorred for -concentration
quenching of the neodymium ion in sodium gadolinium
burgstate.. SR
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Muay I have the next sliée.
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DR. FRED McCLUNG, HUGHES: Dc you want to look
at the overiap of terbitim absorption with holmium
fluorescences instead of terbium fluorescence and hol-
mium absorptions?

DR. HOLLOWAY: No. The energy goes irom terbium to
holmium.

This is lifetime data. plotied versus C 2 and tke graph
is just inverted from those previously shown. Instead
of the probability for quenching interaction, I have
plotted 7yt +<1/Pypt, which on this slide Icall Tqyap -
We are measuring the lifetime of the neodymium ion
as quenched ny other ncodymium ions. For cases
whurethere are small concentrations of the neodymium
iuns, again it folows, C-2 dependence, and indicates
a dipole-dipole interaction. For higher concentrations

—— v m— WD e
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this dependence changes andbecomes linear in concen~
tration. We believe that this is due to t.e filling of the
nearest neighbor sites. In this case you have the energy
drained off; the physical analogy would be parallel re-
sistors on a capacitor; and you'd expect it to be linear
with concentration.

PROF. SCHAWLOW: At what concentration does that
happen? These are the concentration of percent squaxred?
DR. HOLLOWAY: Yes. inverse. There should be a
minus two here (i.e. in this slide). This data, by the
way, is from Peterson and Bridenbaugh, Applied
Physics Letters, 4 173(1964).

Now, I would just like to digress briefly and report
some work we have done on solutions. Because solu-
tions ace so easy to make I usually domy preliminary
work on them.

DR. NATHAN T. MELAMED: Are you looking at the
necdymium fluofesceares all the while?

DR. HOLLOWAY: 7his is the lifetime of the neo-
dymium fluorescen:es (i. e. on slide 5).

DR. MELAMED: Shouldn't it reach a stable lifetime
at some point where there are no interaclions?

Shouldn't the lifetime reach a constant value?

DR. .. OLLOWAY: Yes, true. That is why on my
original data the curve f1d. over, it is just aquestion--
DR. MELAMED: You just dida't show it onthe second
curve.

DR. HOLLOWAY: I didn't show their original data
just the reduced data.

DR. ROBERT C. OHLMAN: Does the holmium fluo~'~
re¢scence intrecse?

DR. HOLLOWAVY: There is no -holmium fluorescance
in this particular system.

"DR. OHLMAN: The terbium-~holmium-- -

DR. HOLLOWAY: That is right It just turns out in
these crystals there is no fluorescence observed.

" In thenext slide, the radizi dependence of the quenching

of the ry, [luorescence by holmium ions in agneous
chloride solutions, or Tyuen- is plotted versus the in-
verse concentration squared. We seethe data is much
more consistent, an indication that it is a lot easier
experimentally to do these studiés in solutions.
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In these experiments I have been obtaining ar estimate
of the probability for quenching interaction from the
lifetime measurements,

Now, the actual amount of overlap of the flt ‘rescent
lines of the terbium ion and the absorptior lines of
the holmium ionor somesther icn willalso Jetermine
this quantity, i.e., the probability for quenchinginter-
action. So I have performed the integration ol
overlap numerically.

The next slide shows the fluorescence of the terbium,
and the absorption spectra of several rare ions. The
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ratio that I have on the far side here is the ratio of
the probability for quenching interaction as determined
from the lifetime measurements divided by the quan-
tity, the probability for quenching interaction is de-
termined from the overlap integrals. The reason
that I haven't given a value for neodymium is because
the agreement i= very bad. However, thisisalmost
raw data, and there are several corrections which I
haven't used. This method appears promising and
we are working on this same sort of thing in solids.

PROF. McCLURE: What kind of quenching do you
think this i., radiative capture?

I'R. HOLLOWAY: No, non-radiative. You can tell
this by looking at the photographic plates. If it were
radiative capture, you would see one line missing.

This concludes what I wantad to say on the quenching
experiments. Now I will talk about the energy ex~
change between rare ions.

Our original experiments were done on the terbium-

europium ions' energy exchange. Again this seems

just anrtier manifestation of this resonance transfer
of energy and, fromour previous experience, requires
anoverlap of the fluorescence lines with the abserption
lines.

May I have the next slide.

On the top two lines are the optical characteristics of
terbium. Here is the absorption line. These are

fluorescence lines. These are taken from densitom-
eter tracings of photographic plates. Thefluorescence
is over-exposed and therefore appears broader than
it is in fact.

I wanted to demonstrate here, that there is anoverlap
between the absorption lines of eurcpium and terbium
fluorescence lines. The bottom line of the slide has
the same data for .he europium ion. The mixed crys-
tals contain both europium and terbium and are irra-
diated with monochromatic light. One swes the
scattered radiation in a region where there are no
absorption levels of europium. The abscrptich takes
place into an absorption level of terbium, but we see
{luorescence characteristics of europium fluorescence
and not of terbium {luorescence. This is the
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dermonstration of energy transfer by selective absorp-
tion in one ion and observing the flucrescences in
the second ion.

Now in the next slide I show energy transfer among a
group of ions that have been studied. These four ions
have visible fluorescences in this sodium rare-earth
tungstate.

Host

Nug Lng WO, Ln = trivalent rare earth

Expected Transfers

Dy - Tb - Sm - Eu

Observed Questionahble
Dy - Tb Dy — Sm
Th ~ Sm
Not Observed

Th - Eu
Dy — Eu

Sm -~ Eu

We assumed that theé transfer would proceed in the
following manner. The transfer was cxpecred to poos
ceed from a higher excited (i. e. fluorescent) level to
the lower excited (and excited) level of second ion.
Therefore the transfer wus expected to proceed
Dy3t ~Th3t —Sm3+ ~ Euls.

We have actually observed by the method of selective
excitation, the energy transfers listed on the slide,

Thé one which I have marked questionable almostcer- ...

taffily mvolves a transfer of dysposiun' to samarium.
But in method of selective exnitation it appears that
the energy goes back to the dysposium ion from the
samarium fons. There is a ladder effect to get rid of
the excitation energy. The one case where we do not
observe energy transfer is the case of Dy3* — Eudt,
And again this data is consistent with this resonance
for transfer of energy idea.

DR. OHLMAN: How do you determine the ladder effect
and separate that out from no transfer at all?

DR. HOLLOWAY: That is why I've marked it question-
able. Idon't know yet that this is true, But! intend
to establish this mechanism by just increasing the
concentrations and examining the lifetimes of the in-
dividual ions. It should show up there, but it s still
questionable on this chart,

That is all I would like to say about work on the rare
fon fluorescence and the .nterzctions. Again, the
energy transfer and the quenchings both seem to be
manifestations of this resonance of transfer of energy
and all the cases which we have studied, this seems
like a consistent mechanism,

Next I shall comment briefly on the fluorescences in

concentrated manganese systems. This ion is an ex-
ample of transition metal jon which is strongly zelf-

quenched at high concentrations at room temperature
and also it has appreciable Stokes shift.

13

We have observed as shown on the next slide dramatic
changes in the manganese fluorescence intensity v ith
temperature. In fact, we are able to distinguish be-
tween two regions. Ther. is one very abrupt region,
corresponding to roughly one-half the Néel tempera-
ture and the .maller region at roughly Néel tempera-
ture in Mn Fy.
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There is also a small change in RbMn F3 at roughly
the Néel temperabuire. Again at roughly half the Néel
temperature a large and abrupt change occurs in
Kb Mn Fs.

The next slide, please. Associated with these changes
* in intensities are changes in color, which are demon-
strated by this slide. We show here the peak value of
" tiie {luorescencé as a function of temperature. You
--gan actually See dils colof Change and it is quite dra-
matic. It goes from a red in the high temperature
-région to.an.orange color in the low temperature region.
It is quite abrupt with temperature.
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We attribute the changes niear the Néel temperature
to the magnetic ppening. The much more rapid and
dramatic changes at lower temperature, we attribute
to an ordering of the excited state of {he manganese
jon, When the manganese ion s excited, the excited
stute will have a weaker interaction with surrounding
ground state manganese jons than the mangancse

fer' S revth it e L o ; Wieare Ul o - aiact - & Cumaps ol € Jc.concst

RSN PNAR P

- Coules Al Aot piihataascoind | Rk i

i



ground state-mangane.e ground state Interaction. We
believe therefore that the ordering lakes place at a
lower temperature and is the ordering of excited man-
ganese ion.

We have some other evidence that this might be the
case. But this is far afield from the topic Iam dis-
cussing here.

In summary, as far as the vare earth ions are con-
cerned, we have evidence and all of our results are
consistent with the resonance for transfer of energy.
For the manganese systems the situation is much more
complicated. We believe that the larger changes occur
because of the coupling to the Stokes shift of the man~
ganese flecresceree, that this Stokes shift serves as
an amplification of these other eflecis, l.e. the ex-
cited state ordering of the manganese ion.

Any questions?

DR. B. DiBARTOLO: You f{ound the inteusity consist-
ently proportional to the [luorescent lifetime?

DR. HOLLOWAY: Yes. May we go back to the pre-
vious slide.

Keep this slide in mind and put this next slide in the
projector. This s the intensity and then the lifetime
you {ind here.
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Now, if you hold these two slides so they overlap,

weré is a direct superposition,  of the lifetime and
the inlensity in the regions of change. We seem tobe
seeing a very rapid temperature quenching of this ex-
cited state in this region.

DR. DiBARTOLO: I have another comment to make.
I think Professor Shawlow has seenchanges of the line
shape of the europium fluorescent as a function of the
concentration of an additional neodymium.

PROF, SCHAWLOW: I can discuss that later.

DR. CHARLES NAIMAN: I think perhaps I would like
to add something on this last topic. Idon't know if it
is nutside of the topic of the conference. Ithink it
may be partly acrystal field effect that is going on and
this is, il you take a look at the orbilal diagrams for
mangancse systems, there is a very interesting ex-
cited stale relationship not too far from the region of
flunrescence that occurs Here.

For those of you who are familiar with this, you take
@ 1nok at the ground state, which is a 6A1 and your
level which is supposedly givingyour your f{luorescence,
yaur broad fluorescence I think this is a 4T state, if

yvou take a look inabout .. zgionwhere your relation-
ships occur, especially if you tike into account the
Stokes shift in the excited state and any changes in
size, then you will find lthere is another doublet state
which evidenily becomes the ground state, which is
not too far away, andfwas wondering if you considered
the cryskal field effects when you are quite close to
these and they will be afiected by spin-over interac-
tlons and vibrations on top of that, especially some of
your depopulation in terms of thermal effect seem to
be perhaps due to the faci that these will interact and
you will get many levels involved here and then by
small changes in size you can end up with localized
minimums which arenot toodifferent from the minima
you postulaled with your magnetic inieraction. And I
just don't know if you have ever considered some of
these effecis. These are crystal field effects.

DR HOLLOWAY: Yes, we haven't considered effects
such as lhose mentioned by Dr. Nniman. One thing
would bother ae about this explanation. We see these
effects in -  the alkali manganese trichlorides and
all the alkali manganese trichlorides, except for the
Li members of these series, it would be too much to
expect that this would always happen.

DR. NAIMAN: Ithink the major question that comes
up is there may be a magnetic interaction between
these two states.

DR. HOLLOWAY: There isanother thing Ididn‘t want
to discuss here. I have a slide for it however.
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It is a little complicated, but there are known temper-
ature dependent shifts in this nickel absorption lines
that are apparently related to the magnetic ordering,
e.g. in potassium nickel fluoride and nickel fluoride.
We have put nickel ions in a manganese host and we
see a change in the nickel absorption which seems to
take place between the Néel temperatures of the
manganese host and the pure nichel »ompound. We
think we are secing some sort ot ordering related to
the effects seen in the Mn2* joy fluorescence. The
nickel ion and the surrounding manganese ions for a
local ordered cluster. The ordering occurs above the
host orderiny temperature because of the stronger
Ni-Mn interaction compared to the Mn-Mn interaction.
Further, we think we can measure the nickel-
manganesc exchange constant.

DR, NAIMAN: One thing I think would help determine

this is, first of all, there is some question, I think,

where the exchange effect is strongest, be ause there
is some question as t¢ whether it is expanded in the
excited state or contracted, which is definitely some-
thing that is not decided yet.

PROF. McCLURE: Or justdistortedor both, in other
words?

DR. NAIMAN: Right. Aud so you may not be able to
deline some sort of mean exchange integral. But the
other thing is il you pump very hand on your sysiem
and get a large population in your excited state, you
might see effects of excited pairs which would be -
which would change. I mean if you are getting such
a dramatic effect with one of them surrounded by
ground state ions, il you pump still higher and you get
enough excited ones you should see still further dra-
watic changes.

DR. LCHR: Iwould like to address a question to Dr.
Naiman. I think that doublet T2 you mentioned is a
little bit low down in the diagram. Did you find.it in

" this region by numerical calculation?

DR. NAIMAN: No. I might say we have not done any
calculation on this system. We have just noticed it is
there and it might possibly interact.

DR. LOHR: I sce. Our fitting scheme includes all the
spin doublets in manganese, as well as the quartets;

as [ recall it, where we have ligands like oxygen or
fluorine -

DR, NAIMAN: I you are to the left --

DR, LOHR: No, the lowest doublet is a doublet Tg,
as you say, it comes somewhere between 20, 000 wave
numbers to 27,000 perhaps. It should not be down
around 17, 000 wave numbers in MnFy.

DR. NAIMAN: Have youconsidered spin orbit effects
between the doublets andquartets and other distortion?
I mean they may be quite -~
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DR. LOHR: T have consideced spin orbit effects from
doublets to certain quartets, but I think in the case of
manganese fluoride since 10Dq is less than 10,000
wave numbers, there would be no doublets in this
region.

Dit. NAIMAN: Just reveise this system, In other
words, don't talk about necessanily energy going from
this state to this, you can have it going from this state
to this in steps. I don't know, [ mean this is just the
general phenomenon logically, the topology of the sur-
faces that have been published on some of these local
minima as a function of magnetic ordering I think
could easily be invoked in the same sort of arguments
associated with distortions of the lattice with spin
orbiting interaction. I don't know. Iam just wonder-
ing whether this has ever been considered. T might
say we have not done any exhaustive studies of this at
all.

DR. FRED W. QUELLE: I would like to case out
some information on a laser that has operated on
energy transfer. This is the erbium laser that
American Optical has recently operated. I think it
is particularly interesting, because you have such
very large energy transfer efficiencies. They are
using ytterbium as the absorbing material, there is
about fifteen weight percent of ytterbium present in
the glass and only a quarter of a percent of erbium,
but yet they are getting about a hundred percent of
the energy absorbed in the ytterbium fluorescing down
in the erbium.

Probably from the point of view of this conference the
most interesting thing is the fact you get such a large
{raction of the energy transferred.

PHOF. McCLURE: Did you say ytterbium?

DR. QUELLE: Ytterbium, very definitely, not
terbium.  Although ytterbium has only 1 band the
heavy doping has spread that band over hundreds of
Angstroms and you are absorbing and transferring in
the same band.

PROF. McCLURE: This is the band in the infrared
or ~-

DR. QUELLE: The transfer occurs around 1.06
microns or 1,03 microns, but the band is so broad
that you are absorbing all the way from about I think
it is six or seven t. ousand Angstroms on down. This
is due, of course, to the fifteen weight percent
con.dntration.

DR. BEHRINGER: If there are no more comments on
that, maylte we ought to stop for a coffee oreak.

(Short recess)
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DR. BEHRINGER: Before we go on to the crystal i
fleld effects Professor Schawlow will comment on 5
energy exchange. 20,925

PROF. ARTHUR SCHAWLOW: I want to say a few 201~ ’
words about some work which is being done atStanford :
by Dr. W. M. Yen, R. L. Greene and W. C. Scott.

The system shown in the first slide involves rare
earth ions in lanthanum fluoride. The samples of
lanthanum fluoride cume from the Varian Company.
We have acase ofanenergy transfev not in the upper
state but rather in the lower state of a fluorescent
transiiion. It does not quench the fluorescence or
affect the liletime as far as we know, but instead it
affects the line width. The system which we observe
is the praseodymium ion which is present to a frac-
tion of 2 percent, about 0.1%. Neodymium ions are .. .
alsc present in controlled fractions up to about two K e

percent. Now, there is an approximate resonance
between the triplet Hg lower level of the praseody-
mium transition and the *I13/9 in neodymium.

INem x10
1

However, the neodymium level lies about 100 wave
numbers below the praseodymium level. They are
not really in resohance. The praseodymium level is
sharp, and the transition from the single level up
above, the 3P0, has been shown by earlier studies to
be very sharp, about a quarter of a wave number at
liquid helium, _nd to have a gaussian shape.

I3z

So we s:iart then with a level that is sharpat low con-
centrations and as more neodymium isadded the line
assumes apeculiar shape, which is shown in the uext
slide.
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It has siill a center which may be gaussian but it de-
velops wings which seem to have a more Lorentzian
shape. There is also some fine structure indicated

by the bumps marked.

It can be thought of, I think, as mostiy - as a combina-
tion of Gaussian and a Larentzian. Praseodymium
ions are quenched so rapidly - their lower state is
quenched so rapidly -~ that the line i- broadened.

Now, how to separate these Gaussian and Lorentzian
contributions to the line width. This is done by taking
a Fourier transform of the line shape about the center
and plotting it against /e 2 for the Gaussian part, you
get a straight line on semilog paper. A Lorentzian
line gives a straight line onplottingagainst 1/w. For
a complex line you can get good straight line part on
one plot for the center of it for the Gaussian part and
a good straight line onthe other plot for the Larentzian
wing and so you derive awidth and from thata lifetime
for the transfer process. The results ohtained this
way are shown on the next slide.

The Lorenizian line width obtained in this way is pretty
much linear with concentration up toabout two percent,
From that on up, actually they went to five percent,
the line width levels off.

Now, this is incor -nst tosome other energy transfer
experiments wher » rate of transfer was a higher
power than the first  wer of the concentration.

Now, what this means is at this moment obscure. It
would seem that the wings of the lineare perhaps most
sensitive to the nearest neodymium ion and perhaps
may be a measure of the probability that a near site
is occupied and no more than ore is occupied. When

you gat more than one near neighbor site occupled
you would get the leveling off.

It would seem to me that you probably cannot in this
case assume that there is an average distance for all
the neodymium ions and use this as an iadication of
the power law for the interaction.

Now, one more thing ought to be said about this inter-
action. It is not a resonant transfer. It isa non-

resonant trarsfer, because there is several hundred

wave numbs 2s difference between the Nd and Pr levels.
It must involve the phonon frequency and several proc-
esses are being considered.

One of these is simply that the dipaie-dipole inter~
action between the two ions is modulated by the lattise
vibrations and youget side bands of the praseodyraium
transition at the neodymium frequency.

There are other theories in which the cryastal field

produces the ordinary sort of side bands on the tran-
sitions in the praseodymium and these are resonant
with the neodymium. But that is not fully understood
at the moment.

DR. BHAUMIC: Where is the nossibility of a dipole-
dipole transition between the vibroric states and the
donor state, you could have allowed some rart of the--

PROF. SCHAWLOW?: I think that is really whatIm2ant
by that second type. It is not certain whether that is
the common one or whether it is the direct dipole-
dipole interaction as modified by the phonon field. I
am afraid our thinkiug is not very ¢ -~ =, *his point
yet.
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(Question inaudible).

The exchange is probably small. It is thought that
pernaps some of these bumps which also show up in
the Fourier transfer may be exchanged-coupled pairs
but there is no thorough analysis.

I might add one more quick comment, and that is that
the word on the exchange coupled ion pairs, in fact
I'd like to mention two peoints, the work on the ex-
changed couple ionpairs inruby has come quite a long
way even since we talked about it at the Berkeley
meeting at Christmas and we now, Mr. Mollenauer
now has pretty positive identification of the first, sec-
ond and third and fourth nearest neighbors. We now
helieve that the first, second and third are anti-
ferromagnetically coupled and the fourth are ferro-
magnetically coupled.

S

~—

Cne cther point, Mr. Johnson and Dr. Scott have been
making measurements on the absorption line, the shar)
absorption line of Cr3* in Mg0.

The sharper line cubic site there is known to give a
magnetic dipole absoxption.

The question was raised whether it covld also be a
two phonon absorption. It was either zero phonon or
two phonons. They find that there is very little tem-
perature dependence in the integrated absorption, se
it seems to be a magnetic dipole even though the
oscillator strength is somewhat greater than those
mentioned earlier for magnetic dipole transitions in
manganese.



DR, ROBERT OHLMAN': I would like to say a few
words about some experiments we have been doing.

We have been studying the energy transfer in gadolin-
ium aluminum oxide, and this is an interesting host
for a numbsr of reasons. First of all, in very con-
centrated gadolinium naterial you would find ap ab-
sorption in the gadolinium lines, of course. We have
put chromium in this material and neodymium in t¥is
material separately and together. First of all, let's
consider the chromium spectrum. We {ind that there
is excitation of chromium fluorescence by pumping
into the gadolinium lines, those that occur at 2750
Angstroms and 3140 Angstroms, and quite effective
transfer occurs from gadolinium to chromium,. There
is also the normal excitation of chromium in the two
bands in the blue and green.

If you look at the fluorescent spectrum at 77" K, which
is as low in temperature as we have gone at present,
you find the chromium R line is split into five lines,
which is somewhat unusual, One must consider the
exchange effects of the concentrated gadolinium around
each chromium ion. It seems reasonable that:if you

couple the gadolinium ground-state spin with the spins -

of the chromium ground state and excited state you
can conceivably come up with the proper number of
states, considering selection rules, to explain five

lines. These lines are somewhat broadand overlap~
ping and there may be sub-lines hidden within them.

We have also put in neodymium in this crystal and
encrgy transfer also occurs fromgadolinium to neo-
dymium. When we putchromium and neodymium to-
gether into this system there is energy transfer from
chromium {o neodymium. That is, if we pump into
chromium absorption bands, the neodymium fluo-
Tesces. ThiS is particularly evident in the blue exci-
tation band around 4100 Angsiroms where neodymium.
has very poor absorption characteristics.

To consider the rates of these transfer processes we
have studied the decay times of these ions. The chro-
mium decay time without neodymium present is about
18 milliseconds at 77 K. In the mixed crystal the
chromium decay speeds up a little bit, about 30% at
two .rcent neodymium concentration, The neo-
dymium lifetime stays about the same, at 130 micro-
seconds, regardless of the amount of chromium pres-
ent, at least up to a half percent.

Let me describe very briefly the character of the
fluorescence decay you getl from neodymium in this
double-doped system, We have studied the decay for
about five decades of intensity change. First of all,
there is a very fast neodymium decay of 130 . sec
decay time. After a few milliseconds the decay char~
acter changes and a long decay time tail is observed
which appears to have a decay time of 10 to 20 milii-
seconds, The shape of this decay curve does not
change, i e., it has both fast and slow components,
even if we pump just into the chromium band at 4200
Angstroms,

Now if one pumps just into the chromium absorption
band and the only energy transfer 1s a slow transfer
via the 2E level, one would expect to observe only the
slow component of the nendy mium fluorescence decay.
However, when we do this we find that a large portion
of the neodymium fluorescence decay is a fast decay.
This leads us to assume that (e fast rate of energy
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transfer must be from a higher excited state of the
chromium, that is not fromn the “E level.

The neodymium. fluorescence decay curve cannot be
fitted by the sum of just two exponentials, One needs
three or more exponentials to fit its curvature. We
believe that the intermediate decay rate is due to
transfer -ia either the pairs of chromiums or by the
vibronic system. In tern.s of the spectral overlap of
the neodymium and chirom!um system, the neodym-
ium excitation line falls right between the chromium
single-ion and pair emission lines.

DR. NAIMAN: Your first data was on gadolinium?

DR. OHLMANN: I am talking about gadolinium alumi-
num. oxide.

DR. NAIMANM: And you put in some chromjum ?
DR. OHLMANN: We put in chromium and neody:nium.

DR. NAIMAN: Just the chromium for the momant,
What is the trarsfer from the gadelinium to chromium,
what frequency does that occur? Is thata resanant
transfer or non-resonant one?

DR, OHLMANN: It is notclear in this crystal. Let's
put it this way, the excitation of the chromium is oc-
curring at 3150 Angsiroms and at higher energies.
The chromium has charge ransfer bands possibly up
that high,

DR, NAIMAN: I think thatis exactly the question, be-
cause there is evidence for doublets in this region and
the question is whether this transfer would go directly
via the doubletsto the <E state of {t Wonld go via the
quartet and down,

DR, OHLMANN: I think it is easily said that it is an
awful big gap to jump directly from the 30, 000 wave
numbers to the “E energy at 14, 000 wave number- ,
Much more likely it is going via some intermediate
states from the doublet state up in that region of
chromium,

DR, NAIMAN: I mean to say doublets up in that re-
gion or up to the quartet, blue band and then down.

DR. OHLMANN: It is not clear, However, I can say
that in a similar crystal, lanthanum aluminate, where
we looked at the chirymium excitation spectra, there
are no excitation bards around 3150A.

DR. HOLLOWAY: [ tried similar things on powder
samples of aluminum oxide. I was worried about the
different sites here and again I didn’t see any change
in the lifetime of the chromium due to the presence
of neodymium so I concluded it wasn't resonant from
this state,

My question is do you think or have you tried transfer
from a non-fluorescent chromium into the neodymium?

DR. OHLMANN: What do you mean by non-
fluorescent?

DR, HOLLCWAY: Well, chromium doesn't fluoresce
in everything you put it in, it requires special sym-
metry. If you put it ina host in which it didn't
fluoresce could you try and pump into the chromium
and see if you get transfer that way ?



DR. OHLMANN; But if the chromium is not fluo-
rescent and transfer does occur, that doesn't neces-
sarily tell us f1>m which state the transfer is
occurring,

DR, HOLLYWAY: Yes, sure.
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DR, OHLMANN: Experimentally we haven't tried any
samples in which chromium was not also fluorescent.

DR. HOLLOWAY: Itjust struck me as something that
might be interesting.



DR. NAIMAN: The subject of our investigations sur-
rounds a particular concept calied the Ligand Field
Maser Principle*. In presenting this material, I
would like to skim through a number of topics that we
have investigated based on this same central idea,
and finally localize on a particular one which involves
magnetic susceptibility data on lanthanum cobaltate.
After that, Dr, DiBartolo will take over and go into
some specific heat calculations of the same system
and also discuss some of the maser properties of
this type of device.

Our main object is to study a new method of produc-
ing population inversion. The method utilizes intexr-
nal electric fields in crystals and molecules due to
the nearest neighboring ligands and therefore we call
it variation of ligand field. It is based on the factthat
the order of energy ievels of an electronic systemde-~
pends upon the symmetry and/or inlensity of the sur-
rounding ligand field. For ions near a changeover or
crossover of energy levels, if one can vary this-field
within the relaxation time of the system then one can
produce a population inversion between the levels.

Now, this means that one aspect of our investigation
has been on the dynamic properties of energy levels
near the crossover region, However, another basic
objective was to utilize the fact that small changes of
the ligand field at the ground state crossover give
large changes in the properties of this electronic sys-

‘tem, Therefore, even statically, you can deduce ex-
perimentally information that can shed light on the
hasic crystal field theory itsell; on approximations
such as the various types of crystal field calculations,
use of parameters, ete,

Here we simply have the {wo-level system, 'We have
some initial ligand field or crystal field 4i and we go
rapidly from this condition to the final condition 4y,
If we can produce this within the relative relaxation
time of the system we can produce a population
inversion.

Now, a simple equation that could illustrate these en-
ergy levels is tetragonal variation due to distortion of
a cube along the z-axis.

Assume that we have a level that is triply degenerate
in cubic fields due to the equivalence of the three ax-
ial directions x, y, z. We now consider what happens
to the energy levels as cne distorts along the z-axis.
It is not too hard to see that if an axial elongation
(that lengthens z with respect to x and y) produces a
splitting of the energy levels corresponding fo A4y,
then an axial contraction of this same z direction with
respect to x and y, will produce an inversion of these
energies, corresponding toAf.

1
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You can classify the various types of ligand field
variation conveniently as outlined in the next slide.
For example, we can talk about exactly the method
we have just mentioned, small variations of symme-
try such as trigonal and tetragonal distortions, We

We can visualize the general idea here by a-simple---=--===—==Text look at 16w Jarge a frequency change do you get

diagram, May I have the first slide,
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when you produce such chang For me 4l ions in
crystals, these fall typically ir. lle microwave and
down,

As an aside, it is interesting to mention that a <tu-
dent of Professor Bloembergen's many years ago,

in studying the paramagnetic resonence of nickel
fluosilicate applied hydrostatic pressure to this crys-
fal which has trigonal symmeiry. However the crys-
tal didn't squeeze hydrostatically, and in fact he thus
changed the orders of the ground state energy levels
and produced an inversion of these energy levels,

For many reasons this is 1 ot the most interesting
system to actually study,

Then we can take a look at the method that is much
iore imporisat, numely, variction of the ligand field
intensity or ¢ strength of the crystal field, called
100q or / ..epending on the notation you happen to
use). Tinsed on the simple point charge model, for
4, avd looking ax the magnitudes of distortions and
crystals in which you can produce variation of the
nearest neighbor distance with piezoelectric effects,
you find that the fr ~ IR and high microwave region
appears o be a reasonable region for the maser
output.

Then we can go to a system which is entirely differ-
ent in design though similar in concept, namely
where one changes the symmewry of the nearest
neighbors drastically. There are a number of mole-
cules that go through such as a function of tempera-
ture and pressure. Here we envisage the physical
system essentially a chemical laser. One can show
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tha. in certain system: you expect the conversion to
to produce more prodi cts in excited electronic states
than in the geound state, This i particularly true for
caxes such as the d9 ion, where you have certain gpin
selection ruies that help guarantee this,

Based on this general approach, we have surveyedthe
literature and we have found what appear to be about
forty odd promising cases. With limited funds you
have to make a <ecision and we have chosen for our
first efforts a combindtion of 2 and 1. More specifi-
cally we are studying the crossover Co*3 (d6), which
is expected to ¢cecur in perovskite oxides,

In order to give you an appreciation for the types of
things on which we have concentrated in this investi-
gation, I will just briefly list some of them, and Iwill
be happy to go into detail in any of them if there are
any questinons, For exanmiple, we have looked at the
octahedral ground state energy levels in the crossover
region and taking inte account spin orbit interactions
to the second order.

Then we have also loocked at the magnetic susceptibil-
ity of the ions, d4, a5, 48, and a7, which are known
to have at least two dilferent ground states. The
reason is that we obviously wanted to cover as many
materials as we could and we had to {ind rapid exper-
imental techniques to find a way o: knowing how close
we were to the crossover. One of these is by the
change in magnetic properties of our ions.

Then we have looked at the optical absorption proper-
ties of these same systems. As it turns out, oneoften
will find aa absorption of one ground state overlapping
with the absorption of the uther ground state. This can
bring to mind to many of you, I am sure, many inter-
esting applications of such a material where a small
change of external electric field changes the absorp-
tion properties dramatically. We have looked into
such overlapping effects as these occur in these d4,
d5, a6, and d7 systems.

In addition to the optical d"—-d" transitions, a much
more dramatic change occurs in the higher near UV
and UV region due to so-called 'charge trausfe~"
transitions. If one studies the two different ground
states it is possible to show that there will be large
changes in the optical absorption of the tharge trans-
fer region, Here, by electron or charge transfer I
mean taking an electron from one of the central metal
ions, and moving it on to the ligands or from the
ligands or from the ligands on to the central metal
ion. The two different ground states are very differ-
ent in their electronic configuration and in their chem-
ical stability, Therefore, in some cases it is easier
to remove an electron while in the other ground state,
it is much harder to remove an electron, Conse-
quently the optical absorption moves way out toward
the UV region,

Axperimentally, the high point of our most recent
work has been the growth of a single crystal lanth-
anum cobaltate where we have been able to find and
measure a very characteristic temperature depend-
ence from 4,2"K to 300°K of the magnetic suscepti-
bility, We have also looked at other crystals, such
as Co*® in KTa0y and in these cases, for example,
no temperature dependence was found. This is due
to the fact, as verified by optical data, that the Co+3
is in a strong field and therefore you wouldn't expect
it to be temperature dependent,
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To get a better evaluation of our ability to vary the
ligand field we have performed a Stark expes ime:.c
on the spectra of Co*3 in KTa03, Unfortunately, be-
cause of the semi-conducting properties of the host
crystal, this was not too successful, It is now being
repeated with other crystals.

We have measured the properties of cobalt doped
strontium titanate, and again found our cobalt 43 in
a strong field, diamagnetic state. Also, we didn't
find any paramagnetic resonance,

We also performed this experiment with barium ti-
tanate utilizing some very excellent barium titanate
grown by Dr. Arthur Linz of MIT's Crystal Physics
Lab and the: e we found a considerable amount of co-
balt +2. In recent work which we have done in lanth-
anum aluminate (to be discussed at the Kansas City
meeting) we have also found a considerable amount of
cobalt +2 in addition to the +3, not noticed before by
other wourkers,

To outline some aspects of the theory, in the next
slide, we show the five different d orbitals, I think
you can appreciate that these three orbitals xy, yz,
and zx, will feel the effects of the six ligands at the
X, ig, and +z axes much less than the two x2 -y
and z4, which point directly at the neighbors. There-
fore in thy next slide you see the actual energy level
splitting which does come about in simple crystal
field theory in the cubic field. We will consider two
different cases hased on the relative magnitude of

the ligand field, A, and the so-called spin-pairing
energy,R. Two different sorts of ground states can
occur, depending upon the value of 4 with respect to
R. They are shown here for the case of d6, which i.
the configuration that we will discuss further in detail

dyz

44 2.y2

The angular distribution of the d orbitals,
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Let us take our first case of the weak “eld ground
state then we have our six spins assuming orienta-
tions as in the free ion. Thiee spins po in spin par-
allel in the lower Tg state and, the next two go in
parallel in the e state as Hund's rules tell us, Having
used up all the orbital degeneracy, the sixth one must
have its spin turned over in the lower state. We have
a 9Ty ground state.

For the strong field case, our energy separation here
is so large that it costs us less energy to put our
fourth and {ifth spins down in the lower energy level

or "spin pair' it, Here we now have three spin up

and three spin down, and'so we have a diamagnetic '’
state. Looking at thé spin change alone, you cansee
that the optical absorption is going {o be dramatically
different for the two ground states. One is a quintet
and one is a singlet. Likewise the magnetic proper-

ties are going to be drastically different. y

e the next slide.
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" Well, this slide shows exactly the condition of the

last slide, but on a multi-energy level diagram. I
am sorry I have the d5 one, not the d6, However we
can use the exact same analysis with one less elec~
tron. Again you get a crossover of ground state,
which is the main point. For the weak field you get
a 6A1 state, and for the strong field you get a 2E
state. Again there is a double spin change, so you
get different selection rules for optical spectra. Be-~
cause the 6A1 state is epin forbidden, all absorptions
are weak. In addition to that you will get changing ol
paramagnetic properties from five to one unpaired
spin. In this case it is not as dramatic as ie db be-
cause both states are paramagnetic, though with dif-
ferent spin, -

Next slide.
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Much of our work involves Co*? in ctahedral oxygen
coordination, We have used as a standard the work
by Professor McClure on Co+3 in AlsQ3 however we
did refit the levels. We find that, whereas we very
wholeheartedly recommend more sophisticated ligand
field calculations and are involved directly in such

work, in many respects the simple crystal field model

if very adequate, We often fit our spectra in order to
know what values do we get for 4, B, and C (the Racah
parameters) using just a sbuple approximation, just
to find out where we dre with respect to the cross-~
over, Now, I thinl. Professor McClure noted in his

_papers on transition metal ions in Alg0g that perhaps

the Co*J in Als03 is near the crossover. It was also
of interest to us to find where this state would be
found and we refitted the experimental resulls. By
including configuration interaction, we find this state
wonild be quite high up in the optical, consistent with
a’. the other data on Co+3 oxides that we have,

In the next couple of slides, without going into detail,
we will show similar fits of Co*3 optical data in other
crystals. The next one discusses Co+3- KTa03. Next
slide, This is just a comparison of the so-called spin
pairing energy which we take as 2. 5B plus 4C in these
various crystals that you have just seen through the
spectra,

Next slide, Much of this optical work has gone into
just plain establishing the properties of these doped

-
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 erystals for strong field and weak field configurations
in the optical region. Another interesting area was
the charge transfer spectra that 1 mentioned earlier,
I think that with the help of this slide and a little
"chemical” intuition, based on the fact that closed
and half-closed shells are particularly stable, we
can appreciate how this occurs,

Let us center our attention on an electron or charge
transfer, where we are removing an electron from
the central metal ion and having it end up on the
ligands, Let us take two dramatic examples., Let
us take the d9 ion in the weak ficld configuration,
where, because we have a half filled d shell, we'd
expect it would be chemically stable. This * .
be shown in such a curve by the fact that in thesr” d
line (which »~fere to the high spin ground state, wie
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energy associated with tiiis transition is quite high,
By contrasi, six d-eleclrons in a weak field, where
if you remove: just one electron you will end up with
a half-filled d shell, is much less stable to removal
of an electrcn. Such a transition is energetically
much lower than the previous one.

However in the strong field a8 case, which is denoted
by the dotted line in the figure, we have a [ully closed
tag sub-shell. It therefore "costs™ us quite a bit of
energy to remove an electron, This absorpticn will
be at a higher value than the one for the other weak
field ground state and so you get this shift due to a
strong, fully-allowed transition which will occur in
the near UV region. These conclusions are basedon

calculations following an extension of the crystal field-

model using molecular orbital approximations..

A specific crystal that has brought us close to the
crossover region is lanthanum cobaltate. Our ap-
proach, associated with interpreting our data, may
be discussed with the help of the next slide,

EXPECTED BEHAVIOR OF x (d6) WITH GROUND

STATE ''CHANGE-OVER'' at To

T<< To - diamagnetic
+ Temperature Independent
Paramagnetism
T> > 'I‘o - paramagnetic~l/ T
T =T, - go thru at least one maximum

A number of groups have studied this crystal and
they have shown that the magnetic moment is con-
siderably smaller than the spin only value, Others
have interpreted some of the properties, especially
a plateau in susceptibility between 400 degrees and
600 degrees, as due to a ligand field crossover gen-
erated by the thermal expansion of the lattice. 5o of
course this led us to investigating the system,

Now, what is of great importance here, ts that small
amounts of Co** are known to be central in the in-
terpretation of the properties of the powdered male-
rials. Because of this we have made a careful an~
alysis of our single erystals of lanthanum cobaltate
and. find that they are legs than a half percent off
stoichioimetry. By studying this susceptibility we
find an interesting role played by other than cubic
distortions in this crystal. Now you might ask your-
self what would we expect as a function of tempera-
ture of the susceptibility, where we have a strong
field, diamagnetic state and a weak field paramag-
netic state, and where the thermal expansion of the
latlice causes a ground stale crossaver?

First of all, at very low temperatures where the
crystal is contracted and you are in the strong field
state you'd expect that eventually the crystal becomes
diamagnetic. (That is, except for temperature and
paramagnetic which is known to be considerable for
cobaif complexes.) At very high temperatures we
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know that it must drop even if it becomes paramag-
netic, because the susceptibility is proportional to
1/T. At some temperature, near To, the tempera-
ture where the crossover occurs, the susceptibility
would produce a maximum.

Let's tal. 1 look at the next slide where we have a
simple, order of magnitude, calculation of what you
could expect from variations of the nearest neighbor
distance and their effect on the ligand field. In the
most elementary calculation, one can assume the
point charge model. Let R denote the nearest neigh-
bor distance and the exponent n will be anywhere be-
tween f{ive and seven. This is known to be a good
approximation {rom some high pressure measure-
ments of Drickamer and co-wor.zers. Define a pa-
rameter, §, which measures the variation from the
crossover point and you can then get a temperature
dependence for the energy difference of surh across-
over., This is quite straight-forward and is the basis
of our calculations of estimates for optical ~bsorp-
tions and susceptibility, etc.

TEMPERATURE VARIATION OF a

Let o ¥ & s<ncq
R
ind R = Ry(l+aT) a=10""cm/*K
Then s ¥ £ (-neT)
RO
c
a, = E;‘- {l-na To)
o
Let [ = A-8,
Then £ = sas A PR na T, § (T =Ty¥

Next slide, Here you hzve an example of the spin
orbit interaction between the two ground states for
d6, It turns out, as was mentioned earlier, these
two states are two away from each other in spin so
they will not affect each other directly. But there
are higher states by which they can interact and so
there is an Aj state, for example, that will arise
from the 1A) state and also from the 5Tg which will
interact with each other.
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Next slide.

Here is an example of the type of sus-

ceptibility one migl;)t get from such system for
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different values of T, the crossover temperature,
as defined previcusly.
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Next slide These are the ab energy levels on which
we should fouus our attention. We begin.at low tem-
peratures with the 1Ay state, assuming we are now
in the strong field case. We then have the 5T2 state,
which is the next excited state, the paramagnetic,
weak field state, Here we have introduced firstorder
spin orbit splitting. We define our parameter E as
energy between the ground state and the first of these
spin-ornit excited states in an octahedral field. At
least for now we will define it like that, and we will
redefine it when we look at our data more carefully.

ENERGY LEVELS OF A ' 1ON IN'A
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1 | i
puda ! 1 T )
sty |l Ty ‘F v
3, 33 ,
LA — A By E.7, 7, }
[ 1
A I ]
I mete i ; {
1 = A
i Jvl(u‘.) /T: {
- e l
l | ]
T I - B
S — Y l
‘ ]
; : T
T i
' o
| Preteh s Y
} L
\v $ o
o } }
' | |
'au%) ! [
T L s,
[ o, «smm oy +eem |
On I ORBIT IN OFNT IN i
i I FIRST OROER

1" stcomo omoem |
[ i )

Next slide, Here we have the actual measurement
of the susceptibility of our single crystal between
4,2 degrees aznd room temperature., This is given
in terms Of”effective - for plotting purposes.

Now we can go back and take our expression for sus-
ceptibility given in terms of the parameter E, and
derive from our data the variation of E as a function
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of temperature this is shown in the next slide. From

the slide one can see that E is nicely linear as a fune-
tion of temperatura, but it goes exactlv the wrongway!
One would expect that as we went to higher tempera-
tures the 5T, state would become lowest and at lower
temperature the IAl would become lowest and this
data represents just the opposite! So we have to look
at our results more carefully,

We have assumed cubic symmetry and we derive this
for mula for the energy level splitting as a function of
temperature in terms of the susce[l)tibility with only
spin orbit splitting of the 5T2 and *Aj states to first
order,

;
'ENENGY (EVEL SEPARATION BETWEEN | '
', a0 Tty sTatES
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’ Now, the latter is a pretty good approximation, some-

“thing like two to five percent,

But since this does
contradict our req\alts considerably we believe that
what it really impties, is that the former approxima--

‘tion is not valid. Specifically, we believe that there 3*

is a low symmetry distortion from the cuttic struc-

4ure which is probabiy trigonal. Then, the T (5T2)

state, which is the lowest of the excited states, will
be split further in such lower trigonal symmetry.
What happens is that this trigonal splitting is tem-
perature dependent and increases as ycu go duwn in
tempe rature so you actually bring the lowest of the
excite 1 states and the ground state closer together
oppousite to what the center of gravity would actually
do. This is very interesting, because it is almost
exactly what is found for chromium in lanthanum
aluminate of the same structure. Here too the tri-
gonal splitting increases, as you go down in temper-
ature, almost linearly and so this seems to corrob-
orate this data quite nicely,
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This work has led.to a slight controversy whichserves
to introduce some of Dr, DiBartolo's talk, What hap-
pened is that the research was presented at the Mag-
netism ard Magnetic Materials Conference last fall,
Coinciden.clly two other groups presented papers on
the same material, but, on the powders, not single
crystals. Their powder susceptibility implied an anti-
ferromagnetic ordexring at around nitrogen tempera-
ture, something which our samples deflinitely do not
show. We have been able to rule this out, well withii
experimental results. The question arises how can
one distinguish between - excited state effect and a
magnetic ordering effec. One way, of course, is
with neutrol Jifiraction and the Lincoln Lab group has
informed me that they are carrying this out on their
powders. Otber properties such as electron para-
magnetic resonance, NMR, etc., according to Dr.
Goodenough would nevexr show up because of a delo-
calizing effect that is the basis of their new theory.
We believe that another method of studying this would
be with the specific heat properties ol the system.

Dr. DiBartolo wili discuss the specific heat of such

a system, which is also of general interest in mag-
netically coupled pairs. g

May I just conelude with mentioning that we have per-
formed optical Stark experiments on the Co+3 - KTa03.

.. These are now being expanded to other erystals such
. as Co*d
Uvthe next slide. Our next approach in the theory is to
- look at some of the Jahn-Teller effects near these

SrTiOg whose energy levels are shown on

crossovers to-see what might happenin terms of pos-
sidle distortions, We are also studying the maser
properties of the various energy level systems. For
example, we have been concentrating on a system
that might work on a natural Q-switch principle, On

" the o*her hand, experimentally, the major problem
will be to extend our quest for materials at or close
to the/crossover, Thank you,
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Lit. DI BARTOLO: As Dr. Naiman has said our ap-
proach has been to consider systems near the cross-
over, statically. In other words, we have examined

-, the adiabatic changes of certain characte. istics when
the magnetic ion is close to the crossover.

A syslem that we have examined is LaCo03; we have
done measurements of magnetic susceptibility on it,
and we have interpreted them by assuming a linear
dependence with temperature of the energy separation
belween the two levels which are of interest in the
phenomenon,

We thought that perhaps this system could show some
characteristic properties if we considered also its
specific heat,

May I have the first slide, please.

Specific Heat of & Two Level System
E? E = a+ bT

g =1

g, = 2
1 : 1
]

a = 6,67cm™;

T b = 199 em™} deg‘"l '
Ei
Ei gi e“ﬁ KT -Rgr“
uv=1L . _2ae + 2bTe
Ei E E
v gie KT 1+ 207 5T 14 0¢7KT
13
S SR o PN I S %2(—~ =KTH'
T, = tE* = ‘_':_E'__—Ela +abT + BKT"\1 + 2e
KT2(1 + 2e'KT) °
E
~KT
. 1+ 2
Cy = Cppmax for E = KT =
1- 28T

We have here a two level system, whose dilference in
energy varies linearly with temperature, The ground
state is a diamagnetic state and the excited state is
two-fold degenerate,

Now, if we go through the simple calculation of spe-
cific heat described above we sec from relation (3)
that C,, may present a2 maximum,

PROF, McCLURE: This will be the V3+ type of
ground state; is that what you have in mind?

DR. NAIMAN: It tarns out in effect you’d have asing-
let in the trigonal field similar to what one kas for
V3+ in Alg03, for which the doublet is arourd a thou-
sand cm-1 above the ground state accoraing to Pro-

fessor Low.

PROF. McCLURE: This is now Co*?

DR. NAIMAN: Yes, this case is Co3*,
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PROF. McCLURE: Then spin orbit splitting is giving
you this level structure?

DR. MNAIMAN: Both spin-orbit and triponal perturba-

tion are causing the splitting of the 5T, level. I might

say that electron paramagnetic resygnance was tried

with this system. The absence of detectable signal o
implies either a dizmagnetic Co3+ or a highly concen-
trated paramagneiic Cod+,

DR, DI BARTOLO: The second slide shows the tem-

_perature dependence of the specific heat of a two level

sysiem with: an energy difference independent from
temperature. This type of temperature dependence
of C, has actually been seen in paramagnetic salts.

Values of a < o correspond to systems in which the
ground state is diamagnetic and the lirst excited state
is two-fold degenerate. Values of a > o corresgond to
systems in which the grousd state is two-fold degen-
erate and the first excited state is non-degenerate.

In the next slide the case b = o correspouds to a two
level system with an energy difference independent of
T, and the characteristic peak in C,,, We have also
here the T dependence of C,, for systems with energy
d.{ference varying linearly with T, For b = 0.5 we
see Lhat the peak in C), shifts to higher temperatures,
Finally for higher values of b the peak disappears.
The value of b = 1,99 is the on< which {its our suscep-
tibility measurements for LaCc04. Then for this sys-
tem we expect a contribution to the specific heat of
about 0.5 cal/mole deg in the 2 -300° range.

Evidently this type of measurements could be corre-

lated with magnetic susceptibility measurements and

the presence or not of a peak could give some indica-

tion about the temperature dependence of the differ-

ence between the two levels which are involved ir bath. . -

hermal and magnetic effects.

The next thing I would like to talk about is the ligand
field maser, I would like to make some observalions
on the conditions we have to establish to achieve a
negative temperature in the presence of the relaxation
processes,

We may consider in the following slide the simple ex-
ample of a two level system which is close to the cross-
over. AFE is the energy difference of the two levels.

We may call p the parameter that we change to pro-
duce a variation inAE, We may, for exampile squeeze
the crystal: in this case p is the pressure.

Now we ask ourselves: what are the dynamical condi-
tions of the system as we go through the crossover?
The initial conditions are the conditions of thermal
equilibrium, determined by the energy difference 4E;.

As we go through the crossover, the very simple equa~
tion (1) tells us how the difference in population be-
tweer. level 1 and level 2 changes, In this equation 7
is the relaxation time relative to the rclaxation proc-
esses which try at any time to re-establish thermal
equilibrium.

Now in order to solve this equation exactly we need to
know how the energy gap depends on time t through the
parameter p and how 7 depends on t through p. Alse
we need to kuow how p changes with time: if we have
an impulse of pressure, how exactly pressure changes
with time.
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Let us now go to the next siide

CONDITIONS FOI MASER ACTION

cryst Plost @
C‘cryst (Ny - Nyt Vcryst: hy Wi )
W = t—; |2 1 T, )
plost ‘“—)(’2[—{3 = %I' 51'7?}12 vcav (4)

where we consider the conditions for maser action of
a two level system. Egquation (1) tells us that for a
maser action the power given hy the crystal to the
cavity should be equal to the power lost in the cavity.
The power lost in the cavity is given by the product of
the frequency of cscillation by the energy in the cav-
ity divided by the @ of the cavity, and the power given
by the crystal is expressed by the product of whatever
inversion of population we have achieved by the energy
of the photon by the transition probability by the vol-
urpe of the crystal, We assume a magnetic dipole
type of trangition, as in Equation {3).

By using the relation (1) and replacing Pyggt and
Peyryst with the expressions we have found we have in
the next slide an expression [or the density of popula-
tion inversion we have to achieve with a cavity of a
certain Q in order to achieve maser action. ¢ isa

" shape factur; it depends on the type of mode we areex-
citing in the cavity, If we plug some numbers for the
relaxation time and for Q in Equation (2) we come out
with a value for the population inversion which isabout
one and 1/2, two orders of magnitude less than what
we have hefore going thrcugh the crossover, at the be-
ginning of the pressure pulse, for an initial energy gap
of 15 kilomegacycles. -

OSCILLATION CONDITION

(N3 = Nalty Vopyer 1% ch

1

cav he
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In other words, for a difference in energy of 15 kilo-
megacycles, we have, in static conditions, a differ-
ence in population N3y - N9 which is about a hundred
times the inversion of population which is needed for
maser action. So we have abont two orders of mag-
nitudes that we can lose when we go through the cross-
over.

‘i’he problem is now: will the relaxation process allow
15 to have just this loss as we go throagh the cross-
over? Far from the crossover the spin-lattice relax-
ation time is the relevant time. It is at the crossover
that the things get mixed up.

A similar problem was faced by Rimai and coworkers
in the Research Division of Raytheon. They achieved
practically an inversion of population in the Zeeman
ground levels of Ruby by suddenly reversiyug the mag-
netic field. They went through a kind of erossover;
that was a magnetic field crossover, We want to do
the same thing by going through a ligand ficld cross-
over. As they pointed out, the important thing is that
the two levels involved should get the least possible
amount of mixing.

Now, what mixes these two levels? Possibly it is the
spin-spin interaction, So if we choose properly two
levels which differ in their 2ffective spin number, pos-
sibly this spin-spin hiteraction is not going to be very
effective, As a matter of fact, th.y achieved inter-
action bevween levels, in which the spin-spin interac-
tion was not very elfective,

I want to point out that the same broadening mechanism
which affects the two crossing levels may mix the two
crossing levels, If spin-spin is the broadening mech-
apism (it could also be cross-relaxation) we may want
to choose crossing levels with the least possible spin-
spin mixing,

‘DR, OHLMAN: You made a statement that your popu-

lation inversion was two orders of magnitude greater
han some number,

DK. DI BARTOLO: I talked of a system in which the
difference in energy levels at the beginning was 15 kilo-
megacycles, This energy gap at 4°K gives you a cer-
tain N - Ng. If you can transfer this difference in
populations through the crossover you have two orders
of magnitude more than what you need te achieve
maser action. This is the point.

DR. OHLMAN: In that equation, you had what lost
time or what relaxation time? You have to assume
some time,

DR. DI BARTOLO: Yes, That Tg in Equation (2) of
last slide has nothing to do with the crossover, that
time is Ty at the end.

DR. OHLMAN: What Tg at the end did you assume to
get this number for Ny - Np?

"DR. DI BARTOLO: I assumed 1077 sec. This is the

point; what happens during the crossover, 1 mean all
the history from the beginning to the end affects Ny -
W_ at the and. S0 does the shape of the pulse, namely
*he wny we go, in time, through the varying energy
LS
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PROF. McCLURE: You have another problem: once
you do get through with a spin difference helping you
get through, you sti'l nave the problem, once yeu've
gotten there, that the spin difference is going te in-
hibit the radiative process that you want to happen
afterwards.

DR. NAIMAN: May I show you an example that we
have considered—exactly vecause of that; namely a
three-level system. This is why much of what we
are talking about now is in practice being explored
more directly with three level or muiti-level systems.
It turns out that if you take the Cod+ case in tetragonal
symmeiry, such as the synunetry you get with the pi-
ezoelectric crystals we have been investigating, that
your lowest states at the crossover will give you an
A} state and then two sther states, 1 think an E and B
state.

In these systems you find that you can produce a
ground state, Aj to cross over, not one but at least
two levels 8 and C. Between the upper of these two
levels, C, and the crossing lével, Aj, there may be
a fairly large interaction while A is {airly forbidden
with the lower of the iwo levels; B. However, the
‘transition between B and C is somewhat allowed, so
one can get energy out of it. Thus the transition
whichone has tosweep through rapidly where A crosses
B, is the one which is fairly long-lived, and here the
upper levels C to B become the operating maser
transition rather than A to B which is the one that is
doing the pumping for you, This is essentially a
three-level mascr based on the original Ligand Field
two-level maser. Actually, if you look at the orig-
inal two-level Ligand Field Maser it reaily could be
considered in time as a three-level laser., This is
becauvse the level which is used for a pump as a func-
tioa of time can be considered two levels, a lavel
below and above, The three level Ligand Field Maser
then becomes equivalent tc a four-level laser and it
has many of the same conditions and advantages as a
four-level laser does over the ordinary three-leveltype.

You can plso appreciate that in the three level Ligand
Field Maser process, where A and C intexact but
A and B do not, often when the splitting is caused by
the spiu-orbit interaction B and C are relatively in-
dependent of the crystal field involved, thus you may
just get the sharpening effect you need for Q switch
operation as you move away {rom the A-C interaction
region,

3C

As you can see from these characteristics, the spin-
orbit multilevel structures are very useful and so

these are the energy levels we have actually calcu-
lated. It is just that our first calculations on the

maser device properties have started out with two-
level systems because the others are that much more
complicated.

DR. OHLMAN Do 'you have to sweep through this
transition in the 1077 second time or faster?

DR. NAIMAN: Tiis depends exactly on the question,
of what are the relative relaxation times? Another
point is that you den't have to sweep through the whole
range in that time. This is because the spin lattice
relaxation time, away from the actual crossover re-
tion, is quite ridiculously low. It is the crossover
part you have to sweep through rapidly. Also keep in
mind the fact that when you are at these crossovers
that are due to the variation of the intensity of the

ligand field, your variation of energy with respect to
nearest neighbor distance is very rapid. So that is

exactly why we are bothering with it. By contrast,
tetragonal splittings or trigonal splittings just don't

vary that {ast.

It is at just such an intensity crossover that you could
hopefully sweep through this portion here fastenough.
Frankly, we are lust learning about this rightnow. To
our knowledge no one has ever seen such a system so
it is hard to do anything but estimate. In fact, that in
itself is really one of th<¢ most worthwhile aspects
of the research, just studying such an effect.

DR, QUELLE: What amourt of population inversion
in ruby might you get?

DR. DI BARTOLO: There is no data on that in the
Raytheon pager.

DR. QUELLE: Because I think that might give one
some clue of the extent to which tiis relaxation takes
place when those levels cross.

DR. NAIMAN: Except for ihe simple fact that you
don't have the same type of slates for the two cases
at all.

DR. OHLMAN: I could answer the questior., With
this fast passage you are talking akout, 100% inver-
sions are quite possible and seep quite often.
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DR, BEHRINGER: W2 are ready to go to the gases,
starting out with Prof. Marshall.

PROF. THOMAS C. MARSHALL: As you know in gas
lasers and similar device the role of the metastables
is very important, This is topic for considerable dis-
cussion and investigation, because the »ieasurement
and control of metastable populations in gaseous dis-
charges or afterglows is a difficul. matter. I wish to
discuss one particular aspect of the metastables - the
control, not the generation of them and then show how
it may be applied to studying the generation of encrgy
in a laser cavity as a function of time.

The gituation I would like to describe is that in the
helium-neon laser, or even a gas containing helium:
metastables by themselves or neon metastables by
themselves. I I could have the first slide we will
look at the very simplified energy structure of neon.

Red-Oronge

16.6ev

Ground Stote
. |

The metastable state is the lowest one of interest,
One can observe that by flooding the systein with visi-
ble radiation you could establish something of an op-
tical equilibrium betweer. the states by an optical
pumping process, which take metastable levels up to
2P, 3P, and higher levels.

This process . .c./es's us hecause it i a way of con-
trolling the population of metastables and also - inthe
particular case of neon - removing them. It is inter-
esting to do this with light rather than with hot elec-
trons, since the electronic energies cannot be con-
trolled to the extent that the photon energies can.
One must accept excitatinns {rom the ground stateas
well whe.you are considering electron hombardment.

a3

The experimental situation is defined in the nextslide.
There is a simplified schematic of many experiments
we are.doing. The metastables are generated in the
afterglow of the gaseous discharge in reasonably pure
neon. The aftergow, fo- those of you who are not
familiar with this term, isaregion follecwinganactive
DC current pulse in the gas. In the afterglow the
electron density is moderate, and it decays exponen-
tially with time; the ~lectron energies are as a rule
fairly low, so the rlectrons wiil not excite neutral
neons to metastable or higher states.
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The metastables may be measured oy piopegating
through this afterglow at any time 2 beam of probing
radiation from aneon lamp. By measuring the absorp-
tion one can deduce the relative value of the meta-
stable concentration and if oscillator strengths are

available, also the absolute value.

In the course of the afterglow we have illuminated the
ensemble of metastahles by broad-~band radiation pro-
vided by a xenon {lash tube. The amount of radiation
we use is not very much; we ruir something like " or
50 Joules per pulse, so the experiment can be pv Jed
repetitively, and one can take advantage of signal
averaging techniques.

The radiation is enclosed In an optical cavity and one
can calibrate the radiation field there photometricaily;
we get roughly 6000° Kelvin equivalent black body
temperatures from the flash tube pulse.

The question is: what happens to the metastable den-
sity when si.™ broad bhand radiation is cast upon the
metagtables, causing the metastables in the neon

-afterglow to absorb whatever they please from this

energy flux?

If we start the pulse of light several hundred micro-
seconds into the afterglow, one observes the graph
slide 3, In the absence of light the decay of meta-
stable concentration follows an exponential decay with:
a time constant governed by the gaspressureand other
considerations in the system. Upon illuminating this
withoptical radiation one observes a sizable decrease
of the population, say on the order of 50% of its initial
value, The pulse is about a hundred microseconds
long and is not too good geometrically, but notice
after the pulse isover you again have adecay paraliel
to the initial curve, but now metastables have been
réemoved.

Vi
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This is due to the fact that inneon there is 2 mixture
of decays from the P states to either the triplet or
singlets series. In other words, neon is not a good
Russel-Saunders atom and when you pump the triplet
series {roni i€ Sstates to the P states these can also
decay back to the singlet levels, However, the sing-
let levels are connected radiatively to the ground state
Ly photone (which can be resonance-trapped) so the
lifetime of the singlets states is rather short. Asa
result the metastables cycle through the upper states
of neon and drainout via the singlet transitions; if you
let this run long enough the metastables ar« removed
from the afterglow. The interesting thing about this
technique is that you are able to do this withoutreally
perturbing the electrons.

Could I have the next slide, please,
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NORMALIZED
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PREDICTED QUENCHING OF 155 LEVEL
FLASH TEMPERATURE 6200 K
FLASH TIME 100 MICRO SECONDS

To check some of these ideas on paper, we setup a
very idealized theoretical model which connected the
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.. dependence with the flash.

four lowest S states of neon to the 10 2P levels, and
applied a square pulse of radiation with black body
temperature of about 6000CK, We used the oscillator
strengths one gets from the literature and acked for
a comparison between the metastable population with-
out a flash (which decays with a diffusion time con-
stant we can adjust on a. computer) with the population
As the pulse is switched
on you initially store the particles in the metastable
level in the upper states and since these are of the
order of 10 or 20 of these, the metastable population
drops rapidly within a few spontaneous emission tixme
constants, Following that, the population of the meta-
stables will be removed via the singlet transitions,
as well as by ordinary diffusion,  Upon shutting off
the flash there is some recovery of population, but
metastable particles have been lost. How many have
been lost depends on the shape of the pulse and its
radiation temperatures.

Could I have the next slide.
10
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It is informative to examine the populations of the P
states, where one sees in the particular case of the
P4 state (the lower level in the conventional gaseous
helium-neon laser) ihat aiter a few spontaneous
emission time constants one achieved a population of

_ the order of one percent of the metastable population,

Now, typically, one would obtain in a neon afterglow
oralaserabout 1010 or 1011 metastables per cc; this im-
piies one shouldobtainabout108or 109 inthe P4 level,

It should therefore be possible to turn a He-Ne laser
off with the light flash,

Could I have the next slide, please.
[}
CHYSTA, H; 1

SPECTROSCOPE
© AN

PROTODE TLCTOR §'

cavity

(e aume)

TO WICROWAVE DIAGNSS TICS
TO WCASURE ELECTRDN DANSITY

Tum



At this time I wish toaddparenthetically anapplication
of the above which is of some importance to the people
who deal exclusively with gaseous electronics. If you
have a way of removing the metastables ot neon, then
at sufficiently low electron concentrations you can
also quench the process which generales ions of neon
and electrons by the collision of two metastables,
The optical flash will decrease the metastable density.,
The metastables will collide less frequently witheach
other and generate fewer electrons, the density of
which you can measure with a microwave cavity tech-
nique. This can be used to check the idea that
metastable-metastable collisons do ionize and con-
tribute significantly io the electron population, and
also determine whetuer these hot electrons would
play an important role in the afterglow physics.

23.0ev

20.92ev

19.77¢%

GROLIND STATE

SIMPLIFIED ENERGY LEVEL DIAGRAM OF HELIUM

One can conslruct a parallel argument for helium
briefly. However, in helium one has good Russell-
Saunders coupling and if the energy level is not too
high one doesnotl crossdecays between the triplet and
the singlet series as in neon. It is also of interest to
note that in helium the number of levels available for
pumping is much less than neon. However, there is
an order of magnitude more pumping in the infrared
transitions as well as a considerable infrared output
of the flash {ube; hence there is a way of separating
metastable pumping in the neon gas which occurs pri-
marily in the visible region from pumping of helium
metastables which will occur primarily in the infra-
red region.

Seme tentative results on the pumping of triplet helium
levels-are shown in slide 8 and one sees again ~ 50%
decreaseof the triplet metastablepopulation of helium
followed by a relaxation {as the pumping intensity
decreases) up to its original value. This shows no
particles have been pumped out of the system; namely
one has as many excited states at all times as would
be present if the system were vupumped. Very little
pumping contribution has been found from the visible.

Suppose one hag an infrared He-Ne laser oscillating
on the 25-2P transition. The laser is exposed to a
flash of infrared radiation, We have found that about
30% of the 38 density was transferred to the 3P level
immediately above, hence it might be possible to
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effect an energy transfer from the Helium 3P level
to the neon 4S level. One might then be able to es-
tablish simultaneously a parasitic oscillation which
can be switched on and off with a flash tube,
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SIMPLIFIED ENFRGY LEVELS OF He AND Ne

Suppose we take the measurements that we made in
afterglow physics where life was simple, where there
were no exciting electrons, and try to apply them
to the much less understood situation that occurs in
helium-neon laser of a conventional variety. Letus
excite a small fraction of the tube with rf, causing it
to oscillate in a single mode, and introduce a filter
over the flash tube that passes visible radiation and
thereby pump only neon metastables, The output laser
radiation is monitored by a well filtered photocell.
We emphasize that we are not changing the electron
density or temperature, we are not changing the opti-
cal properties, and we are not changing any of the
operating conditions of the laser exceptthe metastable
concentration,
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On the top graph of slide 11 we plot the pumping light
flash intensity; this can be isolated completely {rom
the detector if necessary. Now, if the laser is run-
ning «t fairly high level and the pumping flash is not
too high (something ~ 20 Joules) then one observes a
cross-modulation of the flash on the laser output.
Intensity increases downward. This is caused by the
blocking up of the lower (2p4) level of the laser.
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However, something rather more interesting occurs
if you reduce either the laser level quite a bit or in-
crease the pumping excitation from flash. In the third
trace one sees the laser signal is completely quenched,
but requires a very substantial time (~50 - 1004 sec)
to recover ils full intensity. Once the laser is turned
off, the pumping light decreases rapidly, andafter the
pump has been off about 10-8sec the states of the neon
atom return to their previous population distribution.
The laser will require a certain time to oscillate once
more, as the cavity energy increases. Professor
Lamb has derived an equation (slide 12) whichgoverns
the time rate of change of the electric fieldina single
mode of laser cavity:

To integrate this, we assume o and 8 are cons‘ants,
and obtain an equation which starts from amplitude

36

zero, builds up initially in an exponential fashion and
then saturates (o a value of a/8.
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On the next slide we have taken some refined data ane
tried to fit the integrated fromoi Lamb's equation fc
our laser signals. The solid lines are thecretin.
fits of Lamb's integrated equation to the triangi~s
which are our experimental data.
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FOR FOUR DIFFERENT INTENSITIES

I would like to point out a few interesting . .ag: »ou
this data. First of all, the most intense laser siy ¢
here start essentially from a coherent leves.,  Any
deflection on this graph is due to coherent laser lighl
The 'noise light", the discharge light, is very muc
attenuated hereand would not show on this level. How
ever, those transitions which oceur at much lower ex:
citation start from noise level, so the concept of
assigning them dn initial intensity I = 0 willnot do as
the growth of the laser signal may commence at a
random time when there has peen a very large noi¢-
pulse. It would be informative to study the growth of
the coherent light with an image converter camera
equipped to take “apid photographs. Again I empha~
size that the interesting point behind this is that we
are not turning the laser discharge off and starting
it again, changing the optical cavity parameters and
watching the equilibrium to be set up, but are rather
changing the gain of the system by tampering with the
state populations, This process has the advantage ol
changing the other variables of the system very little
for example we have never beenable to see any change
of the gas discharge impedance when we have illumi-
nated a system with the lightilashpresently beinguse:
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DR. MARCEL MULLER: i will report on an attempt
to make a molecular vibration gaseous laser and I
have no slides, but I will draw one big diagram to
remind you what I am talking about.

A molecular vibration laser is a lager based on an
anharmonic oscillator. It hastobe clearly an anhar-
mornic oscillator because no amount of population
inversion in a harmonic oscillator can lead to
anmplification.

The way we propose in the anharmonic oscillator to
bring about a population inversion, I will illustrate by
means of a potential diagram for the grounu state and
excited state of a diatomic molecule; similar argu-
ments c2n be made for polyatomic molecules, but we
will stick to vibrational energy levels shown for a
diatomic molecule.

The statement cof the Franck-Condon principle is that
in an optical or elecironic impact excitation of this
state, an excited vibrational statc, namely the one
lying vertically above the ground vibrational state of
the ground electronic state will be preferentially ex-
cited, and when this happens, with the picture as I
have drawn, if I draw a population versus energy
level diagram in this vuper state, it will have an
envelope somethinglike this and there will be inver-
sions on the left-hand side in energyof the maximally
excited state.

The desirable features of a molecule to be used in

- such a scheme are: one, you would like tohave a
large vibrational transition dipole moment, and a
large in this sense means if you are going to do this
in a gas discharge and do it at reasonable pressures
and current densities, something in excess of roughly
a tenth of a debye. You would like at least one of the
atoms of the molecule to be light, preferably hydro-
@én, because of course there is additional structure,
each of these vibrational levels comprises a number
of rotational levels, you would like few rotational
levels to be populated, this is to say the rotation
constant is to be large. Consequently, hydrogenic
moleciles are desirable.

It is, of course, essential that the excited electronic
siate have an inter-nuclear distance different from
that of the ground state in order that the Franck-
Condon vertical transition provide a population in-
version; also it is desirable, and this will always
accompany the previous condition, that the vibrational
frequency in the excited state be substantially differ-
ent, by more than several KT, from the vibrational
energy disference (vibrational frequency) in the ground
state, so that collisions with ground state molecules
are not capable of giving vibrational relaxation,

Another thing that is essential for practical reasons
is that this electronic state be metastable. Other-
wise the radiative relaxation back to the ground
state, being at a very high frequency, will be fast
and you will never be able to get any large popula-~
tion in this excited electronic state.

This means that the excited state has to be either a
metastable state, or it can b2 an ionized state. The
advantage of an ionized state in addition to this is
that typically ionized states have larger vibrational
dipole movements, particularly when they are not
ionic molecules, Jf they are asymmetrical cova-
lently bound molecules then if they have a netcharge
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in the excited state, the vibrational dipol¢ for obvious
reasons will be rather Jarger than that of a neutral
niolecule,

On the basis of all these considerations and on the
basis of some published data on ionization proba-
bilities, we chose as a molecule to concentrate onhalf-
heavy hydrogen, HD. The transition that is to be
inverted, and it would have been the 2-1 transitiun of
vibrational states, is in the vicinity of five microns.
It has not been seen in emission spectroscopy. This
choice turned out to be unfortunate and after investing
some considerable time in this project we have now
been forced to abandon if.

The reason for this is that the reported data on ioni-
zation efficiencies which indicated that the Franck-
Condon principle was obeyed in the impact ionization
process, (this was done with energy selected elec-
trons) contained apparently a fair amount of wishful
thinking. Very recent results reported in an issue a
couple of weeks ago of Phys Rev Letters by Briglia
and Rapp indicate that in hydrogen the ionization
process is not a direrct process, but takes place
largely by auto-ionization of excited states of the
molecule which coincide roughly in energy with the
ground state of the ion that we want to work with. As
a result of this complicated process, it is primarily
the ground vibrational state of the ion that becomes
populated; so I think perhaps another criterion for a
future experiment in this area ought to be a careful
examination of the molecules and perhaps a seiection
of molecules which tend not to have Rydberg series
or a large accumulation of excited states near the
ionization continuum. This may be somewhat diffi-
cult to find,

DR. A. V., PHELPS: Juse one remark.

I don' “hink

the whole story iz inonthatyet. I ihink this depénds

at least at the present on how one does tiie experi-
ment and so it may very well be that one can get
around this, In other words, selection of the
molecule,

DR. MULLER: Ohyes, I am not saying that all
molecules - -

DR. PHELPS: Iam talking about hydrogen. I think
there is evidence that some types of experiments do
satisfy Franck-Condon principle, at least so far as
the measurements are a measure of the vibrational
state, and they are not a direct measure.

DR. MULLER: Well, the datathatwere reported
were those of Marmet, Kerwin and some others.

DR, PILELPS: I think there are two sets of experi-
ments on each side of the fence right now.

DR. MULLER: Which showed a very nice curve with
breaksg actually in it, as you would expect from the
Francl:-Condon principle. Briglia and Rapp.have a
curve which extrapolates, which does not bend and it
is quite convincing. I have seen a lot of detail on
their work. It has o..y a very tiny bend over here
corresponding to what ycu expect of the energy
spread and it seems fairly convincing here.

Also there are some data on photon invasion which I
can find the reference somewhere among the papers
here--

DR. PEZLPS: That is all right, I hive it.
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exciting tho ionic ground state is to excite the vibra-
tional grnund state, too,

DR. BEHRINGER: H there is no further discussion
we will adjourn,

DR. MULLER: Which also indicate that in the photo
ionization experiments, the Franck- ondon priaciple
of course is satisfied, but there a many other
states involved and this merns that the net effect on
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MODERATOR - PROF. SOULES: The first speaker
this morning will be Rubin Bruunstein of UCLA,
formerly of RCA I boratories. Rubin has been
petting started on campus so I don't know whether he
is going to describe the work he has alveady done
there, or the work he did at RCA, or a little of hoth,

PROF. BRAUNSTEIN: The work I shall discuss tnis
morning represents primarily, the results that were
executed at the RCA laboratories, hut shall also con-
tain some work in progress at UCLA.

The major aim «. this program was a siudy of the
inte~actions of intense coherent optical rad.ation
with solids. Specifically, the interest was a study
cf experimental cross-sections {or double-photon
absorption, karmonic generation, and freguency-
mixing in semiconductors and to compare experi-
mental results with theory. The semicenducturs of
the groups I~V and II-VI cempounds wer. selected
for this study since reasonable predictiors can be
made regarding the strengths of these interactions
utilizing the known band structure of these solids.
The linear or single-photon interactions are reason-
ably well understood in these materials so as to pro-
vide the major band structure parameters which can
be used tu estimate the high order intensity dependent
processes involving muitiple-photon transitions via
virtual states.

We shall discuss the accomplishments to date of this
program and indicate the future directions this work
can take as a consequence of these accomplishments,
The resuits of a study of double-photou absorp‘ion,
harmonic generation, and frequency-mixing in semi-
conductors, and the frequency tuning of injection
lasers by uniaxial stress will be reported.

We shall first discuss the work on optical double~
photon absorption in semiconductors, An intrinsic
semiconductor novmally does not exhibit any optical
absorption capable of producing electiron-hole pairs
for incident photon energies less than the unergy gap,
However, for sufficiently high incident intensities of
photons whose energy 1s less than the band gap, the
multiple-photon excitailon of a valence electron to
the conduetion band can take place and consequently,
in principle, a perfectly transpareat seiniconductor
does nol exist,

CdS was chosen for experimental study of the double~
photon absorption. This selection wag made primarily
hecause the single~photon absorption process has
been extensively studied in this substance and it was
therefore possible £y cumpare double~ and single-
photornt absorpiion on the same crystal, One can uti-
lize the band structure pararaeters determined from
the single-pholon absorption measurements to- esti-
mate the double~photon absorption coefficlents. The
theory developed fur this process in CdS e~ - wiso be
readily applied to other [1I-V and I1-VI compounds.
In addition, similar perturbation theory calculations
for the three- ang four-photon processes, that is,
second~harmonie generation and tripling can also
readily be cast in a form that takes account of *ng
band structure parameters. of these sub.tances.

Obhservations were made of the two-photon excitation

of aneleciron from the valence band to the conduction
band in CdS (Eg = 2. 5ev) using a pulsed ruby laser
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(iw=1.78ev). The radiative recombination emis-
sion from exciton and ‘rapurity levels subsequent to
ihe simultaneous absorption of two-quarita of hiw=1.78ev
wrg observed as a function of laser intensily and
compared to the emission excited by singie~quanta
abserplion for photon energies of tw 7 Eg It was
faund that the intensity of tise recombinaticn radiation
15 proportional to i? for s:ngie quanta excitation and
ISP for double-guasia excitation. Where I, is the ex-
sitation intensiiy and n is a ¢onstant which differs for
different groups ot emission lines. The observed
cross-seciion of double quanta excitation compareit
favorably with thecry utilizing the band parameters
of CdS. These results were published as an article
in the Physical Teview.

Because of our suceess inobserving the double-photen
absorption in Cd8 and obtaining reasonable agreement
with theory,. it was decided to consider this process
in the II-V semiconductors as well. The theory
developed for the double~photon process in CdS uti-
lized a three-band model for the band structure of
this substance. However, the double-photon absorp-
tion crosg-section can easily be obtained, using a
two-band model, employing a single valence and con-
duction band. This double-photoncaleulation utilizing
the simpler band structure model, reveals simple
geaeralizations regarding the underlying parameters
which determine the double-quanta absorption cross-
section which applied to all the III-V compounds. This
calculation enables one to set a lower bound to the
absorption cross-sectionwhile requiring a knowledge
of very few band structure parameters. The theoret-
cial development is essentially similar to that pre-
viously piven for CdS except that it utilizes anallowed
intra-band optical matrix element for one of the
virtual transitions.

The resulls of this calculation apylied do the HE-V - - -
=7 ¢ompounds is shown in Slide 1.

The double-photon
absorption cross-section ¢g is given in terms of
o, 0, By where op and ay are the inverse effective
mass ratios for eclectrons and holes vespectively and
E, Is the energy gap. The numerical term in this
ec%uation contains all the constant terms as well as
the inter-band momentum matrixelement lpvc =
11.5evm which has been shown to be the samé fox
all the HI-V compounds. Inaddition, the intra-band
matrix element of zeroth order in k has been ex-
pressed in terms of the group velocity times the frze
clectron mass., We have alsoassumed that the energy
bands are spherical and parabolic.

In order to evaluale oy fora particular substance, a
knowledge of Gy Oty E, is required. Itcan be shown
using k * p perfurbatiBn theory tocalculate the band
structure of these semiconductors, that the valence
and conduction band effective massesat k = 0 can be
adequalely accounted for by assunriing that the inter-
hand momentum matrix element |Pyc | & is constant
for a'l the II-V compounds and is given by | Pye | 2
11,5 evimm. The conduction band inverse effective
masses «,. expressed in terms of the momentum
matrix eléement is also given in Slide 1 (on the top
right). The explicit values for the double-photon
absorption cross-sections for some representative
compounds are also given in Slide 1, {u ihe table of
values, where we have assumed that the heavy-hole
inverse effective mass ratio o is equal to one and
have used the values of ¢, calculated from theoretical
expression on the ¢lide ~ The spin-orbit splittings A
have heen inserted ;sinjr experimental values for this
parameter.
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Tt ¢an Be seen in this tableé thnt the doublé -phicion ab-
sorplion c¢ross-sections ircrease as the band gap of
the solid decroases, The characteristic feature that
the optival double-photon absorpiion cross-section
increases as the band gap of the solid decreases, is
not limited to the case of a band-to-band {ransition
ina semiconductor bul comes fromthe irequeney fac-
tors in the optizal matrix elements. This result1s
ilso obtained ia the case of double-photon absarption
between discrete levels and non-linear absorption
cross-geelion (or such a prozess is also given in the
bottom of Slide 1. In this equation n is o refracted
index, AE, 15 the width of the real excited state at
2By and [ i the t-number for the transition, In the
derivations of the above double-quanta absorplion
crosg-gection, ic was explicitly assumed the bsovp-
tion occurs by asingle intermediate state which allows
coupling between the initial and final states, In facl,
it is necessary to sum overall pessible intermediate
states, Consequently, these calculations represent a
lower bound for the double-photon absorption cross-
gections.

Letus now birnour attention tothe transmission laws
obeved by medium within which zlinear anda quadratic
loss process can simultaneously take place, In the
steady state, the iransmitted flux through such a me-
dium is given py the continuity equation shewnon topof
Siide 2, Wheve oy s the finear absorption cross-section
in units pfem?, ¢ 5 isthe absorption crossgsection for
quadratic loss process in units of et sec, and Ny,
and Ny are the densities of cente- s regponsible for the
Hnear and quadratic loss processcs, respectively and
F is the {lux per unit area in photons/cm2 sec, We
have agsumed that Ny and NZ’ are independent of

“Titeident [iuk. That is, the Tifetime [or recombiration
to the ground state is extremely fast. Feraplainpar-
allel slab of thickness r and neglecting reflection
losses, the transmission is obtained by integrating
this equation, the results are shown n 5lide 2, Also
are shown similar results for spherical and cylindri-
cal geometries, considering inthese cases only quad-
vatic losses taking place. We see that for high incident
intensities the transmission ultimately saturates for
all geometries.

Teansmission with Quadratic Loss
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Transmission law for a medivm with linear ond quadratic fosses simultcneously present.

Slide 3 shows a plot of the absorption A =1 - T for
plain geometry for a medium having linear and quad-
ratic loss processes simultaneously present, When
the parameter oy Ng X F,>1, the guadratic loss
process becomes the dominant absorption process.
and in fact the medium ullimately becemes epague.
These results show that there is an Intrinsic upper
limi' to the flux density which can be iransnutted
through a mediwm that has a nonlinear absorption
process taking place, It shnuld be further noted that
it is only the linear absorpfion process that yields an
exponential fall-off of intensity with distancé and is
independent of intensity while the quadratic and higher
order processes will fail-off inversely proportional sy
the distance and intensity.

Although the double~photon absorption cross~sect ans
appear {o be relatively small, since the absorp fun
cross-section for this process depends upon the 'aci-
dent intensity, at high flux densities this proceg, can
constitute a major dissipative mechanism when
operative.

It is of interest to consider the possible effecls of
double~dquanta {ransitions on the power output 1 in-
jectionlasers, inparticular, that of gallium arsenice,
Although the power output presently available irom
such devices is relatively small compared wilh that of
optically pumped lasers, injection lasers are relatively
small area devices so the flux per area is still quite
high al the emitting junctions. Furthermore, the
emitted frequencies lie slightly below the band-gap,
satis{ying the threshold conditions for double-guanta
absorptics. Power densities of the order of et
:watts}/cm2 can be realized for conventional diodes.
it one considers a diode of 0.1 cm length with the
abzwve power densities and one employs the lower-
bouvnd double-photon absorption cross-sections pre-
viously given for gallium arsenide, one obtainsorthe
parameter o9. Ng. X. Fy~3.10"2. * These resulis are
shown in the botton~ of Slide 4, together with values
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{or the parameter o 9- Nz-k * Fo for a number of other
cnses such as glass, impurities in caleium fluoride,
and the case of transmission through an oxygen at-
mosphere, From the equation shown in Stide 3, we
see that under these conditions, in galljum zrsenide
wiiere tnible~photon absorption can take place, they
can make a reasonable con‘ribution to the loss proc-
esses wilhin tlre gallium zrsenide laser. Even «f an
electron~hole pair crealed by double-photon absorp-
tion subsequently recombines and is re-emitted as a
photon, the deuble pholon absorption prucess willstill
set an intrinsic upper timit to the output power since
two quanta will be aunihilated to produre one subse-
quentl,; re-emitfed gquanium,

If a focu=ed high-power taser is i{ncident upon an os~
tensinly tranzparent substance such as uptical quality
caleium fluuride or any other optical qual.ly material,
it is usnally found fat most substances tend to be
nunctured at power levels uf approximately 10° watis/
em2,  When one normally examiv.s thete matertls
by measuning absorption at low power levels very
little absorption is found, Despite the fact that the
band gap of these materials may be far greater than
twice the ineldent pholon snerpgies so that a double
quanta absorpiion pruness is no.u!tuwed hetween bands,
it may be poselbie to have multiple-quania processes
taking place belween ir.purity 1ci els. 1 one considers
a typical example of a ¢ase of caleium fluoride, one
finds that vae can have a distribution of impurify
levels at concentrations of 10"”18/‘cm3 due to varicus
rare earth impurities. A reasonable estimate of the
double -photon absorption cross section for the ruby
line can be made by superimposing the energy levels
ul the various impurities and usiay appropriate aver-
ages of the osciilator strengths and the half-widths of
the excited states at twice the laser frecuency. The
cesulting crosg-~sections o9 yield values of 10~ emd
sec. ¥For incident power of 1049 watts/cm?2 and a
1-cm-thick slab, the parumeter g,N,X-F,~1073,
This result is shown on the bottom“of Slide 4.
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Linear absorption due to scattering from optical im-
perfcctions or residval impurities normally yield values
of 6Ny X < 1073 tor optical wuality calcium fluoride.
Consequently, the nor.aal linear scattering p-ocesses
cannot account for the dissipation, while the double-
quanta absorption due to impurities canbe responsible
for a reasonable amount of power absoibed from an
incident laser beam.

In caleulating the propagation of a laser beam through
a gaseous atmosphere one normally utilizes the linear
absorption coefficient of +he appropriate optical window
To determing {iié optich. Tosses, However, if care is
not taken so that o states exist at twice the laser fre-
quency to which double-quanta absorption cantake )lace,
there isan intrinsic limittothe power that canbetrans-
mitted through such an atmosphere. Let us consider
the ¢cr.se of a laser beam of photon ene"gy Tiw~3, lev
and a flux density of the 109atts. em propagated
through akilometer path length of Oy av standard pres-
sure and tempe uture. For suchz beam, double-~-photon

*01r"021+03,°04
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o

absorption can lake place via the Schumann-
Runge bands. From the observed half-widths and .he
oscillator strengths of these bands the cross section
09 can be estimated to be of the order of 10'°0um4sec,
consic quently as we see inthis Siide 4.0, Ng* X+ Fq~10.
We see from the curve in Slide 3 that ti transmlsmon
of such a beam will saturate. Similar considerations
will apply whenever oneuses any optical window in an
atmosphere where it areis astate available at twice the
frequency cf the window so that the double photon ab-
sorption can take place.
‘Uptitinow, wehave considered thepropagation lawior
a medium inwkich both linear and quadratic loss proc-
esses cantake place which involve a single frequency.
It we extend the treatment to the case where we have
two different frequencies which can undergo singularly
linear loss, or together, undergo doubln photonabsorp-
tion, we arrive at a covpled pair of nnnlinear difier-
ential equations of the Volterra type -#hich are shcwn
at the bottom of Slide 5. Although * is necessarytu

"9 02,939
+0j» -0, ~03,-04

dF /dx = O NF, + O,NF F;
dF?_ /dx = o-sNFz + 0-4NF| Fz



sulve these equations num<rically for any particular
condition, we can obtain *he general features of the
solutions by plotting sci.2 of the phase trajectories,
For the signs of the coefficients oy, Og, 0gand o4
indicated in Figure &, regardless of what the initial
intensities of either of the two photon beams are, one
will ultimately prevail atthe expensc of the other, as
can be seen from the two indicated g-aphs. However,
if one of the quadratic coefficients o9 Or ¢4 ispositive,
whatis, if we have i double-quanta stimulated emission

process taking place, there are a series of stable

perindic solutions possible for these equations such
that at a given distance one beam has a maximum of
intensity while {he other has a minimum.
ther distance through the medium the intensities re-
verse; the results repeat as a function ol distance.

It should be noted, although the double pholonabsorp-
tion cross-sections might be considerad small, the

absorption coefficient for this process is proportional
to the length of path and the intensity.
have considered these processes in cases where we

Ata ar-

Althoughwe

have had high intensity lasers present, there are a

number of astronomical cases where exceedingly long
paths are involved such as in the case of planetary
nebula or propagation through inter-stellar hydrogen
where some of these nonlinearities mirki manifesy

themselves.

We shall next consider some work onharmonic genera-
tion in the III-V compounds.

The III-V compounds comiprise a group of materials
whose band ntructure andrelated parametersare well
known. Consequenily, they are amenable to calcula-
tion of the cross-section for various nonlinear proc-
esses. We have previously considerad the twn-photon

absorption cross sections of these materials,
thes. materials, in addition, lack a center of inver -
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second harmonic of given incident frequency. By com-
paring the measured harmonic cross sections ¢4, or,
as we have done inthis work, the noulinear suscepti-
bilities X14 of severallll-V compounds having differ-
ent band structure parameters, we sought to identify
the pertinent parameters responsible for these
coelficients,

In this study, we observed the «econd harmonic of an
incident Ndé“’ laser generatea 4% 5300 A (2.34 eV) in
single crystals of indium phosphide, gallium arsenide,
aluminum artimonide and gallium phosphide. Our
work on indium phosphide and aluminum antimonide
is the first reyorted cn these materials, Since the
band gaps of these compounds range from 1,24 eV
to 2. 24 eV while the energy of the exciting photons
was 1. 17T eV, we were dealing with a case where the
second harmonic was completely absorbed within a
fraction of a wavelength after generation, while the
exciting radiation suffered negligible attenuation.
The emitted harmonic could be obseived either in
reflection or transmission. In the former, the har-
moric is generated at the incident surface and is
emitted as a reflecict beam. In the latter, the only
harmonic radiation leaving the material i> generated
at the exit surface since that produced in he bulk is.
completely absorbed; we employed the transmission
method.

Substantial secondharmonic generationwas observed
inthe above compounds. This radiationwas generated
at the exit bases of the single crystal specimens by
excitation using a Q~switched Nd3+ glass laser. The
dependence of the harm- «ic intensity onboth the polar-
ization of exciting and .armonic radiaticn as well as
the crystal orientations was studiedand foundtoagree
with the predicted beha 1or within experimental errors.
The results of these stu .tes yieldingthe intensities of .

* {iie coelTicients is shown in Slide 6.

MEASURED INTENSITIES AND CALCULATED SUSCEPTIRILITIES

—T P GeAs Alsh GeP
'\(':m 2.2 + 4 volts 22 + 2 voles 1.1 + 0.7 voles 3.8 + 1 volts
te X DP 2214 2244 2043 20+2 "
1, 124 1 my B+ 3my 124 6 mv 942my
Irop 104" 404" 846 " BE2 "
Xy4 1,06x 10" esu (¢ 50%) | 1.21x107C esu (2 30%) ‘O.SIKIO.L esu (£75%) 0.26x10"6 esu{+3,%)
X{4 0.76 " 107 025 " o8 "
B, - Lo v som | - -
SNY, - 0.87 ~ -
feexty ~ 153 " (£50%) - o025 v eson

+ Peak mtensities as measured on osciiloscope with 10 k(] load.

* Ref, N. Bloembergen, R. K. Chang, J. Ducuing, P. Lallemand (presented st Semiconductor Physics Confer,,
Paris, 1964).

** Ref. M. Garfinkel, W. E, Engeler, App. Phys. Lcnd 3, 178 (1963)

(Note: Authors erronesusly give value of 2,6X 107

esu; using their data and formula, we obtaincd 0.87x% 10°C esu).

*** Ref, R. A. Soref, H. W, Moos, |. App. Phys. 38, 2152 (1964).
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An examination of the nonlinear susceptibilities of
seven of the -V compounds studied sofar shows the
'1bsnlute value of Xy 4 for Nd3+ excitation lies betveen
0. 2x10-6esu and 1. 3‘(10 ~fesu. This compares with
the value 3x10-9esufor KDP which is about the strong-
est harmonic generator smong ionic crystals, This
150~ 400-fold increase ia X has been shown to be due
mainly to the resonance between the harmonic andthe
conduction bands. In the case of ionic crystals this
does not occur for excitation by frequencies as lowas
those produced by the Nas* and ruby lasers.

Since the harmonics are generated withina fraction of
a wavelength of the exit base one might expect that
their intensities are verysensitive to chemical treat-
ment of the surfaces. In addition, one might expect
mechanical operations, like polishing, would produce
lattice distortions at the surface which would result
in several crystallographic planes contributing simul-
tenecusly to the harmonic intensity. This would show
up as a non-vanishing winimum in the orientational
dependence of the harmonics, In our experiments, we
encountered both of these effects, We investigated the
eifects of various polishings and etchings of the har-
monic intensity. For the incident intensity measure-
ments used in determining "4, we chose the surface
treatments whicn gave both ‘ne maximum emissionand
a zero, ~r almosl zero, atthe sample orientations
where it should vanish, Both faces of all crystals
were polished with {ine carborundum prior to etching.
These results indicate that inprinciple cne might uti-
lize second harmonic generationas a means of ¢ rystal-
lographically orienting single crystal specimens of
substances wihere harmonic gereration can take place!

Extensivv measurements of optical second harmanic
generation and the linear electro-optic effect have
been performed to-date oniouic and inorganic crystals.
We have, inturn, now observed similar results onan

organic molecular crystai, hexaminewhichhas crystal

symmetry (I43m). The nonlinear susceptibility was
determincd: Xy4 = 30 x 10 9esufor hexamine as com-~
pared to 3 x 1049 for KDP, Electro-optic coefficient
of hexamine is 12,6 x 10~8esu. From the theoretical
relationship relating the electro-optic coefficient and
the second harmonic coefficient, it was possible to
ceaclude that the electro-optic effect in the cubic
crystal, hexamine, is predominantly electranic.

Aside from the semiconductors and insulators whose
crystal structure lack a center of inversion and con-
sequently have the necessary condition for second
harmonic generation, there are a number of metals
with point groups which would indicata that they should
also be piezoelectric, However, it would be ext: emely
difficult to try to measure their de¢ piezoelectric
coefficients, If, however, one could generate a sec-
ond harmoric from these metals, a measurement of
the nonlinear susceptibiliy would enskle one toinfer
the de piezoelectric coefficients, An example of a
potential piezoelectric metal is the a~-phase of man-
ganese which has symmetry 43m and consequently,
only one piezoelectric coefficient. It was difficult to
obtain large, single crystals of «-manganese to ob-
tain good measurements of the angular dependence
uf the second harmonic generation and hence, a good
measurement of the nonlinear susceptibility. Attempts
are being made to obtain larpe enough crystals for
these measuroments,

PROF. SCHAWLOW: Were these measurements rlone
in retlection?

r oy B T
R W R L G

PROF. BRAUNSTEIN: Yes.

We shall next consider some work on frequency mix-
ing in semiconductors, Magneto- and electro-optic
effects have usually been studied where tne E- and H-
fields are statically applied and an incident radiation-
field merely causes electranic transitions hetween
levels, In semiconductors and insulators, the intrin-
sic absorption edges are observed to be displaced by
the application of static E-fields of approximately
10+5v/em. The electronic nature of these effects
would indicate that if high optical E-fields were inci-
dent upon a semiconductor, the radiation field couid
cause a mixing of levels as well as electronic transi-
tions betweenlevels with the consequence that the real
and imaginary parts of the absorption could respond
to the different frequencies due to the presence of two
optical frequencies incident inthe neighborhood of the
absorption edge of the semiconductior. The possibility
of observing such nonlinearities was discussed by us
in a previous publication.

While instrumentation was being assembled to study
this type of nonlinear interaction, observations of op~
tical frequency mixing in bulk CdSe was reported by
Pantel and co-workers at Stanford. In these experi-
ments, the axial modes of a ruby laser were mixed to
obtain microwave power in the 1 to 5 Ge.'sec¢ region.
The -oserved frequency-mixing could possible be in-
terpreted as a manifestation of the previously proposed
nonlinear inter-band effect. However, since the axial
modes overlapped the band gap, the resultant carrier
generation rate could be modulated at the difference
frequency and the application of a constant electric
field, could cause microwave power to be radiated.
Consequently, the observed effect could be interpreted
interms of a photo-conductive mechanism rather than
interms of a nonlinear inter-band effect as we had
previously predicted.

Jxrd Tannd.
Both-the photo-mixing and the inter-band mi

fects would have some features in common, such as
it would be necessary to apply an external blas field
to observe the difference frequencies. However, the
power produced by the photo-conductive interaction
would be sensitive to the mobilities and the lifetimes
of the generated carri..'s, while the nonlinear irter-
band elfect wouldbe insensitive tothese parameters.
In addition, tbe latter interaclion is expected to be
relatively independent of the frequency difference be-
tween the two incident monochromatic beame while
the photo-mixing process would be markedly frequency
dependent, Tounderstand the mechanism responsibile
for the frequency-mixing in CdSe, these ohservations
were repeated and extendedtoGe, GaAs, and Si, using
a rub~ and a Nd laser with each of these substances.
Since these different laser sourcesoverlappedappre-
ciably different regions of the band edge, a nonlinear
band effect wouldyield differences inmicrowave out-~
put for each source while a phuto-conductor mecha-
nism would yield little difference.

Al
uuus Sr=

The results obtained from these measuremen's sub-
stantiates the interpretation that the observed effects
were due to photo-conductive mixing and nol to any
nonlinear effects associated with the shift of the al-
sorption edges of these substances.

The experimental results of the mixing of the axial
modes of a ruby or a Nd laser in CdSe, Si, Ge, and
GaAs have the common feature that the microwave
output power is proportional to the square of the
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incident optical intensity and the square of the bias
field and the mobility squared and is inversely pro~
portional to the square of the difference frequency.
However, the absolute yields of the microwave power
for a given optical power, bias and frequency vary
from substance to substance. These observations
are in qualitative agreement with the theory for
photo-mixing,

Slide 7 shows the cesults obtained for the mixing of
the axial modes of a ruby laser on silicon. The in-
creasing signal by a factor of 400 for silicon in going
from 300°K to 78°K can be understood on the basis
that the mobilities increase bya factor of 10 for this
temperature difference. The influence of minority
carrier mobility in determining the absolute values
or signals seems further substantiated by the satura-
tion effects observed for silicon in Slide 7. At high
fields, one notices the output power appears tosatu-
rate at bias fields of 1,000 v/cm, where it is known
that the drift velocities tend to saturate. Similar re-
sults were obtained for Ge. ‘
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Microwave power from Si with ruby laser vs.
bias at 300°K and 78°K.

This dependence of the microwave difference frequency
on the mobility canbeusedto determine the mobilities

in extremely low mobility materials such as phalacya-
nide where it has been extremely difficult to measure
mobilities by conventional transport means, The ad-
vantage of the frequency mixing technique is mainly
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due to the great sensitivity of microwave measuring
techniques.

We shall now consider some of the results we have ob-
tained in the frequency tuning of injection lasers by
uniaxial stress, specifically, the work we have done
on gallium arsenide. Inmanyapplications of injection
lasers, it becomes desirable tohave a means of vary-
ing the frequency. Such control will be necessary if
diodes are {o be used in such applications requiring
frequency tuning, stabilization, or modulation. The
energy levels and consequently the emission frequencies
of a solid can be changed by uniaxial stress. The use
of uniaxial stress has advantages over other methods
of changing the frequency or the band gap such as hy-
drostatic pressure, magnetic {ields in that the auxiliary
equipment can be made simple and small. Inaddition,
the application of uniaxial stress to semiconductors
generally splits energy levels which are degenerate in
the absence of stress and so can be used as a means
of identifying recombination mechanisms.

We have studied the effect of uniaxial stress on the

frequency spectrum of spontaneous and stimulated light
emitted {rom gallium arsenide laser diodes, and have
obtained preliminary informatinrn of tire nature ot the

electronic transitions responsible for the emission in
such diodes. In particular, different emission proc-
esses seems to be taking place in diodes made from

different materials.

The experiment arrangement used in these studies is
shown in Slide 8, as well as is shown ‘he erystallo-
graphic orientations of the diodes used. The com-~
pression was applied perpendicular tothe planeofthe
junction which is a (100) plane. Other orientations
would give additional information but suitable diodes
were not available. The diodes were in the iorm of
par«llelopipeds with dimensions of 0.6 x 0. 16 x 0. 10
mm and had cleaved sides..

The results for coherent emission varied irom diode
to diode since they depend on both the changes in the
emitting transitions as well as on changes of the res-
onant cavity, The interpretation of the data is there-
fore more complicated since it requires theknowledge
of individual cavity modes. We, therefore, also
studies the incoherent light emission which should only
depend on the electronic transitions involved and not
upon the cavity modes. The results are shown on
Slide 9where¢ we see a shift of the frequency as a func-
tion of uniaxial compression for three different diodes.
It is clear that the three diodes which were made in

different ways show very different behavior, The
frequency of A increases linearly with stress, B and
C show saturation and even negative changes. Other

diodes made the same wayas A, B or C do reproduce
respective curves,

The above measurements were made by employing a
mechanical structure wherehy a compressional force
through a rod and piston arrangement was applied to
the diodes which were immersed in the bottom of a
liquid nitrogen dewar. Because of a certain amount
of unavoidable iriction between the piston and the re-
taining cylinder there is uncervainty of approximately
20% in the stress values, which led toa scatter in the
data cnd consequently an uncertainty in frequency. In
order to obtain more detailed measurements to eluci-
date the nature of the optical transition as well as to
give a finer frequency control, more refined stress
equipment was designed and tesced.

e = e — 7 —
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O.ie structure compriseda piezoelectric crystal in a
laser diode clamped together enabling the force to be
applied by electrical means, This structure allowed
a fine control of the frequency of the laser diode by
remoie control. In order to measure the resulting
stress, another pieznelectric element was included
between anvils containing the diode and stressing
crystal.  Although lhe above structure performed
satisfacturily at low stress values, it could not be
used at high siresses,

A structure em, loying helium exchange gas as the
stresstransfer medium was finally designed and tested
which yielded satisfactory results, In this arrange-
ment, which is shown on Slide 10, the stress is ap-
plied to the diode by a piston-like arrangement which
comorises a thin copper membrane under hydrostatic
pressure, Extremely fine control of the stress is
possible by control of the gas pressure from a tank
external to the laser dewar,

To summarize the results of this prugram: We have
shown that in the III-V semiconducting compounds the
general features ot double photonabsorption, harmonic
generation, photo-conductive frequency-mixingand {re-
quency tuningof injection lasers by uniaxial stress can
be understood in terms of the band structure of these
materials,

The fact that a double photon absorption can set intrin-
sic upper limit to the power density that canbe trans-
mitted through media where the mechanism is operative
warrants further measurements lo obtain accurate
cross-sections for this process., Measurements of
double-photon absorpticn in the 1II-V compounds as
well as other semiconductors viould be of importance
since they would have a bearing on the upper limit to
the power obtainable from injection lasers made from
these materials. Inthecase of giuseous atmospheres,
such measurements also would by of importance when-
ever one uses an optical window fox {ransmission where
there is a state available at twice the frequency of the
window so that double -photonabsorption cantake place.
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In general, the measurements of double-photon absorp-
tion would be of value inthat they also yield the stimu-
lated emission cross-sections in possible double-photon
laser systems.

The further exploration of the use of photo-conductive
frequency mixing as ameans of determining mobilities
where it is difficult to measure small mobilities by

conventional transport techniques, seems also worthy . ...

L of funther ackis
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Since we have shown that the uniaxial st.ess will shift
the frequency of a gallium arsenide las«r by a substan-
tial amount, we expect other injection lasers to show
similar shifts since the deformation potentials of most
materials are of the same order of magnitude.

PROF. SOULES: How fastdoes the convergence occur
when you sum cver the virtual processes in a solid
material? Boysu have problems with electrodynamic
divergencies?

PROF. BRAUNSTEIN: No., The sums converge quite
rapidly when properly done. Thedomir.nt contribution
tothe transition probability results from intermediate
states which lie closest to the final conduction band.

MR, WHITE: Inthecase ofastructure using a piezo-
electric crystalandlaser diode clamped together, what
limits how high a frequency you can modulate or shift
frequeacy?

PROF. BRAUNSTEIN: In such a structure, the load-
ing of the lransducer by the laser diode ard the mis~
alignment of the _lamping anvil with the diode surface
limits the magnitude of the frequency snift as well as
the upper limit of the frequency response, It should
be possible to [requency modulate at rates of up to
1 me/sec with practical structures. However, a
logical extension of the idea of piezoelectric tuning
would be to prepare epitaxially a laser junction on
the baseof intrinsic gallium arsenide or other piezo-
electric material which would serve as the transducer.
In this manner, it should be possible toappreciably ex-
tend the frequency response of such tuning means.

i

LR ae LG RPN G S it -



PROF. SOULES: Our next speaker is Dr. Y.R. Shen
of the University of California at Berxeley, who was
associated with Professor Bloembergen at Harvard,
and [ understand that now it's the other way around,
at least temporarily.

PROF. Y.R. SHEN: I would like to introduce the
(multimode effect in the stimulated Raman scattering).
First I think I should review briefly on the coupled
wave theory. The stimulated Raman and Brillouin
scattering, parametric amplification, and some other
problems can be described in a united point of view by
the coupled wave theory.

Let us consider first, threo electromagnetic waves at
different frequencies.

Could I have the first slide?
COUPLING OF THREE WAVES

2
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In linear media, the coupling terms vanish and the
three waves propagate independently. In nonlinear
media however, becaase of these nonlinear coupling
terms, they propagate in the coupled modes. The
coupling is the strongest when momentum and energy
matching conditions are satisfied. The coupling con~
stants can be calculated in the usual way from the
interaction Hamiltonian, ar< are proportionz! to the
scattering matrix element with one photon coming in
and two photons coming cut.

For those who believe only quantum-mechanices, I
should say that this kind of description can be justified
completely by quantum-mechanics. The total Hanil-
tonian is H ¢ Hgyop + Hpgq + Hipge U we take the
matrix elements over the atomic coordinates, then we
are left with a reduced Hamiltonian, which can be de-
sceribed in terms of annihilation and creation photon
operators. When the number of photons is large r r
we are dealing with Glauber's coherence states, we
are essentially back to the classical wave description.

To sclve this set of nonlinear coupled equations, the
sirnplest way is to linearize it. We'll assume thalt one
wave is the pumping field that remains essentially
constant. Then we are left with a set of two linear
coupled wave equations for the remaining two waves,
and the solution shows that the waves propagate in
coupled motes. This is the case of parametric am-
plification or frequency conversion. I understand that

50

Dr. Wang has recently achieved optical parametric
amplification and he is going o talk about this. Here,
in a slightly modified sense, we do have only an op-
tical frequency converter, if we replace one of the
EM waves here by the optical phonon waves. This is
the case of stimulated Raman scattering.

The next slide gives me a set of coupled wave equa-
tions with a vibrational wave replacing arn EM wave.
Again the solution indicates that the stokes wave and
the vibrational wave will go together in coupled modes.
In the particular case when the vibrational wave is
highly damped, the solution reduces to the results
given by the isolated molecular model, since then the
phonon wave is essentially localized.

2
5 € 2 4w,
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The next slide shows the energy and momentum
matching conditions, w¢ - wg *w yandkf = kg t ky
The horizontal line is the optical phonon dispersion
curve. The dotted lines are given by the linear mo-
mentum matching combinations for the forward scat-
tering and the backward scattering. The cross points
R1 and Ry correspond {o linear energy and momenium
matching, where the coupling is close to maximum.

<. In principle, Raman and Brillouin effects can be de~

scribed exactly in the same way except that the dis-
persion curves of optical phonons and acoustic phonons
are different, In the Brillouin cuse, it is a straight
line passing through the origin. However, in the
Brillouin scattsring, thranscient effects may set in,
if the laser pulse is short and the pbonons ara not
highly damped. We have figured out ways to find
whether the transient effect is important. The ex-
periment will be dene at Harvard, Also in the same
language, we can talk about light coupling with spin
waves, We just replace the optical phonon wave by
the spin waves. The dispersion curve of the spin
waves isw = a * bk?. Again in this case many inter-
esting problems appear. Also we can talk aboutlight
coupling with plasmon waves. Here, the optici
phonon wave is replaced by 1he plusmon waves. This
just shows that all these problems can be described
in a general way by the coupled wave approach.

Now we want to show how coupling between laser ana
stokes modes may give some interesting effects in
the stimulated Raman scattering. Consider twolasers
modes at the same frequency but propagating in
slightly different directions. Momentum matching
eondition shows that the stokes radiations in twospe~
tial directions are coupled together and tnerefore
have different zain coefficients than the stokes radi-
ations in other directions.
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The next slide please..
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gyt gives enhanced Stokes g.in in the phase -
nmatched direction.

In that case, we have two coupled wave equations for
the two stokes beams. Because of the couplingterms,
we now have two gain coefficients, one larger and cne
smaller than the average gain. It is the larger gain
coefiicient that dominates the gain of the stokes waves
generated from noise. If the waves are linearly mis-
matched by 4k, the solution becomes

I U I . c 2 2
ak = 3 ‘-[Ak i2e 5 (E[ v E, )J
Sz

This linear mismatch apparently wili give a decrease in
the gain. It the mismatch is large, the. the two beams
are essentially de- coupled, so that the gain again re-
duces to the ordinnrgl gain for uncoupled Stokes modes.
But if Ak < <( mws?/C2%Q,)x . E;E; . then we
have a strong ccupling between tae tl&’votmcdes and the
apparent Stokes gain is enhanced. Now. suppose that
we have a 1aser beam with 2 narrcw conc of wave vec-
tors. Then, only the Stokes radiations in a narrow
cone would be ¢ffectively coupled togethe~ to the laser
radiation, and have enhanced gain. Thi. gives rise to
the observed strong increase in the siokes gain in the
forward direction, which cannot be explained by geo-
metric consideration aione. In the spuce-time anzlogue,
this enhancement of gain in the forward ‘lirection is
analogous to the spectral narrowing in the stimulated
process. As the spectral lines in the stimulated emis-
sion are usually narrowed, so is the spacial distribu-
tion. Also, the multi-mode effect can be explained in
terms of hot filaments in the laser bear. In that sense,
the laser beam can be divided into N elements, where
N= 49dQ. A is the area of the laser cross-section,
and d is the angular spread of the laser radix ‘on in

=t

e

!r"“""'v"?'"”,r —

the wave vector space. The intensity distribution of

the laser radiation in this cross-section can be cal-

culated from the two dimensional random-walk prob-
lem. It is given by W(ll) =1 exp(- I[/< lp>).
1

“Therefore, some filaments may have higher intensi-

ties than other filaments. The stokes gain will have
the same distribution as the laser intensity. I sat-
uration is neglected, the stokes generation in the ith
filament is g'bven by Eg; - Eg;(o) exp (g, z) (where

8st ° (2mus /Czksz) X sl[i 1s the gain) in the ith
element. In reality, saturation effect always comes
in, so that while some nf the intense filaments already
stary to generate high order r:diation, other elements
are still below or just above thre shold in generating
the first-order stokes 1adiatioa. ‘At the output ol the
Ruman cell, one sees Ramian radiation of mary vrders
simultancously present. If the same type of consider-
ation is applied to the temporal modes, we can ex-
plain qualitatively many other effects obser\ed exper-

- imentally, such as Raman spectial broadening, the

dark absorption line in the broadened anti- stokex
spectrum, the broadening of *he anti-stokes ring. and
the shifted angular position of the anti-stokes ring.

I shall not spend time here in going intodetail. Expla-
nations have been published in the Physical Review
Letters. Instead, I would like to show some experi-

. menatal proof on the multi-mode effects. These ex-

periments were performed at Harvard by Pierre
Lallemand in Professor Bloembergen's group. They
were designed to show explicitly the multi-mode ef-
fects in the stimulated Raman radiation.

The first experiment was to measure the output Stokes
radiation from a Raman cell. A polarizer is used to
vary the laser intensity without changing the mode
structure of the laser beam. The slide shows the
Stokes intensity versus cell length. Curves for Stoke.;
intensity versus laser intensity at constant cell length
have essentially the same variation. At very low laser
intensity, only spontaneous Rainan emission is ob-
served, which is proportional to the laser intensity
?1. The sharp bending indicates the onset of the stim-
ated effect. It is noticed that a0 section on the curve
can be represented by a straight line corresypondirgto
exponential growth. This is because regenerative
action for Raman oscillation has set in at a verycariy
stage. The second-order Stokes builds up in a similar
manner as the ficst-order Stokes. This is a confir-
mation of what we said earlier about the higher-ordur
Stokes radiativa.

If, however, we measure the output from a Raman
amplifier, by adding another cell in the light path.

we find that for a fixed cell length ‘he gain decreases
rapidly as the distance between the two cells increar.os
This cannot be explained merely by the divergence of
the beam. [t can however be explained by the multi-
mode effect. We can illusirate it by the exampie of
two laser beams coming into a Rama: cell at 2 small
angle. ‘The Stokes mode which has higher gain con-
sists of twe Stokes waves Eg(kg) and Fs(ks) coupled
together.. with the ratio Ests 2 Cl -y ), where
(¢1 -¢2 ) is the relative phase difference’of the two
laser beams. This is also the ratio of the two Stokes
waves coming out from the first cell. Even if we have
exact momentum matching wmong waver in the first
cell, they will become mismatched in the air due to
change 0. indices of refraction. Therefore, the ratio
Eg/Eg changes relative to the laser beame as the
waves traverse the air between the two cells., When



they arrive at the second cell, the Stokes beam is no
longer in the mode which has the higher gain. The
deviation is of course larger for layer distance be-
tween cells. This expluins why the Stokes guin in the
second cell decrdases with the distanee betweencalls.
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The next slide shows the Stokes gain ve-sus cell length
of the second rell. For a short cell, the gain is low,
such that th= « ponential growth can be approximated
by the linear growth. The initial slope then corre-
§pondy to the average gain of all modes. This aver-
age gain should be uszd to detarmine the Raman sus-
¢ ptilility. For larger cell lengths, the mode with
the highest gain becomes dominating, as is represented
hy the straight-line portion of the curve. £ventually,
saturation effects sel in as the laser power in that
mode ie depleted.

The mode effect is also demonsirated in another ex-
periment, The laser berm is split by a beam splitter
into beams Jf equal intensity, which then excites two
identical Raman cells. For ideal beam splitters, the
mode structures of the two beams should be identical.
The Stokes. generation should also be i-dentical, sothat
the points on the slide should fail on the diagonal line.
For a non-ideal beam splitter, the mode structures
¢! the two beams would not be identical, and there
appears a spread of points about the diagonal line,
The spread is narrower for better beam splitters.

PROF., DAW: Was that experimental data you were
showing, or is that --

PROF. SHEN: That's experimental data.
MODERATOR SOULES: Are there ary other questions?
DF. CULVER: Did you put a1y materiai with different

dis persion between your amplifiers in addition to just
ch;nging the geomelry?

PROF. SHEN: Yes, you can do that, too.

We are planning lo pul in glass plates, and if you put
the glass plates at different places, you will see dif-
ferent results.

MODERATOR SOULES: Before we go to the next
gscheduled speaker, we have commen:s by twe members
of the audience. The first is Professor Schawlow, of
Stanford,

PROF, SCHAWLOW: I would just like to ask Dr.
Braunstein, in view of the calculations he has made
on the nonlinear effects in nonlinear absorptioa in
oxygzen, would he have any comment on the feasibility
of ihe device shown in the first slide?

Could you show the slide?
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MODERATOR SOULES:
Glass, of IDA.

DR. GLASS: We have heard some comments this
morning aboutnonlinear effects and some implications
thereo!l with regard to limitations impoesed by the at-
mosphere on the kind of beams you can transmit. 1
would like to comment very briefly on some implica-
tions of recent measurements of stimulzted Raman
scattering in atmospheric gases. )

The next speaker is Alex

The inference is addressed to the same point, what
are the limitations imposed by the atmosphere cn the
transmission of high intensgity beams.

The geometry that I am envisioning is something like
the following: We have an aperture of a certain area
A and weare pushing a a highintensity, well-collimated
beam through this aperture iuto a certain solid angle
d. What we want to know is, as a function-of the dis-
tan.ce, how much of the light we originally put in is
going to be converted to the Raman-shifted frequency,
that is, to the iirst Stokes line.

The following equatior: describes the way the Stokes
inteusity builds up.

(dIl/dX) = yIgl + (do/d Q)Iodll 1)

The first term describes the buildup by stimulated
Raman seattering; characterized by a gain coefficient
7. The process is *nitiated by ordinary Raman scat-
tering, characterized by a solid angle, the cross-
cection, and dependent on the intensity of incident light,
Tnere is a relation between the gain coefficient and
the cross-section much the same as that between the
Einstein A and B coefficients, which we can insert to
get, for the geomelry envisioned, lhe intensity at the
Stokes frequency as a funciion of the distance down
the beam, X,

I (x) - (ﬁwl.\:‘i) (d/A ‘f,‘ [exp (yIOX)-l] (2)

Here A is the width of the Raman transition, dQ the
solid angle, #nd wq and Ay the radian frequency and
wavelength ul the Stokes line.

Gamma is the gain coefficiert and it's very much the
same sort of creature as the ¢ g that Dr. Braunstein
was talking about, except in thiscase it's not absorp-
ting, it's a scattering process. Gamma has actually
been measured in a variety of atmospheric gases for
a variety of transiticns by Dr. Robert Terhune at the
Dearborn Research Laboratory of the Ford Motor

Company. His work has been published on vibrational
transitions in hydrogen and deuterium, aid he has

some preliminary results for nitrogen.

A calculation of gamma for nitrogen has also been
made there at the lnboraiorir giving a value of gamma
scmething like 1.85 x 10-11 ¢m/watt.  The other
quantity which is involved is the linewidth. Now, the
widthof the Raman transitionhas been measured, and
appears to be something like . 04 wave numbers.

We had a quantity introduced by Dr. Shen, which, I
believe, I've heard Professor Bloembergen call the
étendu. It is the product of the aperture area A times
the solid angle 42, divided by the square of the wave~
length. This ratio is essentially the ratio of the snlid
angle the beam is spreading into to the diffraction
limit.
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We can now recast the buildup equation in terms ol the
simple fundamental quantities, the Raman gaini'and
linewidth A, whichk ave characteristic of the material,
and the incident power Pgyand etendu n, characteristic
of the incident beam.

If we call 8 the Raman conversion ratio, which is the
ratio of the intensity at the Raman-sbhifted {requency
to the inrident intensity, we can write the following

equation

B= thy8/4P o) [explyPo/2Av1n -1 3)

If you look at the exponential factor, which was pre-
viously ¥1_X, you see that it no longer involves the
path lengtli X. This was eliminated by assuming that
if the phenomencn was going to happen, it would hap-
pen in a distance {rom the end of laser in which the
area ol the beam increasesby a factor of two.

In other words, the beam is diverging and the nature
of such an effect is that if it doesn't happen in a dis-
tance in which the diameter increases by a factor of
two, then it isn't going to happen at all. So that's the
sort of argument that wasused to eliminate the X, and
cast it all in terms of these few simple parameters,
which appear to be the fundamental quantities involved.

So, then we can put some numbers in and see whatwe
get,

1 should mention first of all that the measurement of
? Lhal has heen made has not been made in the open
atr, but instead has been made in the focused beam,

Now, a very similar expression pb}aing, excepl for
gome factors of two, if you Jook at {hie threshold for
buildup of stimulated Raman scattering in the focus,

S0, we have, as I say, a relatively good idea of what
¥ is, boih from experiment and from calculation, and
I think I mentioned this is for a rotational fransition
in nitcogen. It's a small shift, something like eighty
wave numbers involved, and it's a narrow line. We
can plot minus the log 10 of the conversionratio g as
follows:

Now, is n7is one, this power is something like 108
watts; aad if 7 is 100, this power is something like
109 watts ; but Uiz has to be power within the line-
width of the transition, of course, So that's the con-
clusion that one arrives at.

As Iar as we knnw, there is no laser operating right
now which would be capable of causing stimulated
Raman scattering inthe openair inanunfocused bean.

However, the inference is that we are not far from
the point where this willbe seen, and this is obviously
something that has to be kept in mind.

I might puint out that we saw in the two photon absorp-
tion that there was a number which characterized the
point at which thetwo photon absorption would essen-
tially limit the propagation of a beam in oxygen.

We had y here of 1.85 x 10'11, the corresponding
figure for the.iwo photon absorption from the numbers
givenis something like 10‘13, so it would appear that
this would be the phenomenon which would enter first.
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PROF, SUBRAMANIAN: Do you have some number
un this power thatyou are talking about? What is the

puwer level that we will beable to observe the Raman

scatlering?

DR. GLASS: This is it, 108 with an eteadu of 1; 109
al 100, T took some nwnbers [rom talking to various
people whu had obtained big lasers commercially and
put in these numbers, and find they all tend to fall
st shortof the threshold. The factors that come in,
you need loknow the power, you need to know inwhat
linewidth this power is concentrated, and ycu need to
know the beam divergence in effect,

PROF., SCHAWLOW: Has Terhune measured the
stimulated Ran:  effect at a pressure low enough s9
that the rotational structure is resolved?

DR. GLASS: Yes, hehas measured it, Well, he feels
thal he hag, Now, I am taking advantage of some con-
versativns with Dr. Terhune, and the work is very
preliminary insofar as the experiment goes. Their
laser ponped out, isthe way Ithink you havetoput it,
tut they are getting a new laser which ought to be
capable of pinning this down, and there are some other
experiments in progress at other places which may
also shed some light on it,
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DR. QUELLE: That's with nitrogen. The point is
with going to hydrogen or something like that, a gas

. has a much lower threshold, youhave plenty of power

Aave Dleniy

so as to see these things in focus,

PROF. SCHAWLOW: Of course, in the oxygen case
it was a vikrational trangition. The atmosphere is
not composed of hydrogen.

DR. GLASS: There are a number of questions involv-
ing what the true nature of the focused beam experi-
ment is, because at the {ocus the rotational Raman
scattering is accompanied by breakdown, and it's net
simply nitrogen gas inwhich this is occurring, but it
appears to be something with a lot of {ree electrons.

DR. CULVER: Although we may not be running into
applications ofthe particular lasers that are going to
break down, yet, such as using them as radars, this
might be observed by running it through a series of
focus. At each focus you ought to be able to get Lhe
gain that you got at the preceding one, if you can re-
produce the focus, and then you ought to be able to
per...ps confirm these results except for muiti-mode
wifouts,

That would be rather interesting, in fact.




MODERATOR SOULES: Qur nextspeaker is Professor
Subramanian, of Purdue Univarsity, whohas beendoing
suome experiments on higher order effects of laser.

PROF. M. SUBRAMANIAN: My problem is some-
thing similar to what Braunstein told in his presenta-
tion of how he is trying to get started in a new place,
and it's about the same for me, too.

For the past year and a half I have been estab.ishinga
laboratory, for conducting experimental research at
Purdue's School of Electrical Engineering. I think I
might probably be a little bit of a misfit because most
of the people here are physirists, and in fact, my talk
will also be more towards engineering oriented.

The primary work on the nonlinear objects at Purdue
now is having two phases: One is the dc polarization
which I have been working on for the last couple of
years, and the secondphase is subharimonic generation
which we recenily started within the last few menths.
Essentially what I will donow isgive you « briefprog-
ress report on what we have achieved in therms of the
dc¢ polarization, and then describe the prelimirary
work that we have started on the subharinonic
generation.

The dc polarization was observed, twoyears ago, and
it was reported by Bass and Frank, from Michigan
University, and also we presented a paper on itin
Brooklyn Polylechnic Symp. on Optical Masers.
Actually, I will show you a couple of slidesborrowed
fromy that conference to orient the people who are not
familiar with the dc polarization.

May I have tbe first slide, please?

- 2 ]
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The de polarization that I am talking about essentially
corresponds to this term here. For the sake of edu-
catlonal purpose, I am presenting the polarization
equation in the scalar form. The rest ol my talk on
the de polarization is essentially concerned with this
term over here. My calculations are for the can of
the propagation through a uniaxial crystal along the
direction of optic axis. For this can we can find out
that the dec polarization is given by the term, that is -
shown in the next slide.

Plane polarized light:

- 3 2 2
[Pl =5 ta ™ + a, )
Circularly polarized light:

fpl = 0

For the plane-polarized beam, this is what we get
which essertially shows that the magnitude of the de
polarization would be directly proportionate to the
power in the laser beam.

This led us to the interesting idea that we could see
this de polarizationas a moter for measuring Ibpower
in high-power iasers and the further work that we
were in was toward this goal. Let me point out one
more fact here which is probably the question that
many of youmay ask about the materialwe have chosen.
The material I chose was quartz crystal, which has :
low nonlinear polarization coefficient compared to
KDP. Now-a-days, we have cadmium sulfide which has
amuch larger magnitude. The reasnsn for this choice
is that the major probiem was of getting rid of the
pyroelectric effect in these crystals. Since quartzhas
the least amcunt of pyroelectriceffect, my first choice
was this.

Initially, I took the electrodes away from the quartz

crystai, and this way I reduced the heating effect

considerably. I wasalso able to overcome the prob-

fem of building an araplifiey, even though it was of
low sensitivity. Our present work now is just getting
started with the other crystals.

So, with this introduction on the material, if we actu-~
ally plot the polarization directionwith respect to the
incident polarization of the radiation field, we would
get a [figure of something like the one that is shown
in the next s!ide here. The X and Y are the principal
axes, and if you choose the incideidt polarization to
be polarized along the X prime axis, then the dc
polarization is oriented with respect to the X axis of
the crystal at an angle 2 §. This provides us with a
very interesting proof that we are observing the de =
-+ poiarizalionand nothing else. If we rotate the crystal
through an angle ¢, keeping the polarization constant,
then we would observe the dc polarization {o rotale
through an angle 2 6 -- that means if we rotate the
crystai through 90° in a positive direction, we should
be able to observe the dc¢ polarization rotated in a
negative direction through 180°. This is the first
conclusive proof that we had for the dc polarization.

1\ [\ \ .
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For measuring this, Ihave given to -- chronologically
put the subject in the conference here. I also givethe
old setup we had to measure this with.
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May I have the next slide, please?

So you can see, this is typically 18th Century setupin
the University, and the universities are poor. That's
a laser which is using a helical flash tube and is cap-
able of giving kilo-watts oatput. Atthattime wedidn't
have a ninety degree-ruby rod and, hence, to get
lirearly polarized cutput we had to use a polarizer.
This is the initial quartz mount we had, and the major
problem in building this amplifier (which probably
took around three or four months) is getting the high
input impedance and at the same time wide band and
high sensitivity.

The quirtz crystalit °1f has very high input impedance
and very low capa ....nce, and anything you put into
your detector froi 1 this side is going to be divided
according to the r..tio of the capacitances.

Input capacitance was a major problem to me, and so
we had to devise a special setup which was balanced.
All the components were built inside the unit. Inci-
dentally, even tho.gh the DC polarization is caused
by the same term as the second harmonic, there is
actual power transfer to the secend harmonic. By
adjusting the phase conditions we could increasc the
output of the second harmonic. However, in the case
of DC polarization there is no power transfer. All
we see is a pulse in the condition of the field while
being set up or decaying.

I have in the next slide the output that we got out of
May I have the next slide, please?

our system.
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You see, this sensitivity here is a 50 microvolts per
centimeter, and the noise of the amplifier itself was
fifty microvolts per centimeter. We had a hard time
in getting any decent output at all with this system

here, and --

MOLERATOR SOULES: Can you tell us what imped-
anee youw were able to achieve ?

PROF. SUBRAMANIAN: The input impedance of the
detector was ten megohms with, if I remember right,
abowt eight or nine picofarads.

MODERATOR SOULES: Could tkis be improved con-
siderably with the now-a-days transistors?

PROF. SUBPAMLNIAN: Probably not as much as the
ones we buiit recently. This is using RCA nuvistor
fubes.

MODERATOR SOULES: The ficld effect transistor
has a fraction of the picofarads ontento fifteen megh-
ohms, that's why I wondered.

PROF. SUBRAMANIAN: You can't go too high in
impedance. In that case, we can use an electometer
amplifier.

MODERATOR SOULES: This is arelatively high band.
Good.

PROF. SUBRAMANIAN: We can see clearly herethat
for a ninety degree rotation the DT polarization gces

from a negative vailue to a positive value. I also have
a curve which was presented at the laser conference
which shows the linearity of the power content of the

beam with respect to the DC polarization.

By the way, that was assuming a circular beam which
is very normalin the case of most of the ruby lasers.
The DC polarization is only & function of the beam
intensity and not a function of the diameter. There is
normally the divergence of the beam and one of the
major worries is whether this would affectthe reading
that we would get, and in doing some specific experi-
ments with defocusing and focusing the beam, we
found that there was absolutely no diiference at all in
the output, which confirmed the first order anclysis
that I made on this system.

The next point that I wanted to investigate was if to
increase the DC polarization output by usirg high
power laser beam and observe the spiking phenomenon.
Other people have looked into the spiking phenomenon
inthe second harmonic with respect to the fundamental,
and I wanted to do a similar experiment with the DC
polarization and see what kind of correlation exits
between the fundamental and DC. And to achieve this
goal, since I didn't have money to buy a.new laser
which costs about $25, 000. 00, I built a laser myself,
and this was almost a six months project in building
the laser.

The major difference in the laser thatIbuilt from that
of the commercial lasers is thatIusedtwo linear flash
tubes connectedin series in a double elliptical cavity
instead of in parallel. which is the common way you
would have seen in all the commercial lasers. The
reason for doing it is thatitturned out to be econom-
ical, and efficient.




I wasn't sure, initially that this would be the case.
Hence, I made soma preliminary experimenis and it
showed that I wovlin't be at any disadvantege, and so
we went ahecd and built a laser which is giving more
than a hundred jou'es output.

T am still not operating at the pezk output that it can
give. T think it will give around 200 joules maximum.
The period of ine pulse would be somewhere in the
order of €00 microseconds,

We finished building this laser last summer, and we
have been operating continuously so far, and we have
not had any bad luck at all with the laser, so essen-
tially we can probably buiid much cheaperlasers now,
high powered lasers, with this technique available.

Of course, we have, now. less stringent restriction
as far as huilding the ¢.mplifier is concerned, since
we have a higher output of the laser available, Sol
went ghead and build a new amplisier using RCA
nuvistor tubes. Essentiallyit's a difierence amplifier
at the input stage.

Now, in the previous case there was no gain at all in
the sysiem, whereas now inthe new amplifier we have
# gain of twenty, The new set up now makes possible
for us to observe the spikings.

May I have the next slide?

That's the new setup we have, and I should also warn
you of the fact that these are z2il raw. I took a while
for us to get this amplifier built, and it was done only
about 2 week or {en days ago, so you sce the amplifier
is built in a coffee can still in its preliminary condition,
with seven nuvistor tubes. This Is the laser we have
which is capable of giving 400 joules. There is still
the problem of the beam diameter (the ruby diameter
is 5/8 of an inch). When it comes out, even though
the erystal thatlam using, is two centimeler in diam-
eter, I have the problem of the beam hitting the plate,
s0 I have to use the lens to contain the beam within
the erystal to reduce the noise pickups. The results
are shown on the aext slide,

See, now, we are having a very high output with very
_less noise here.

I should have cxplained what these two curves are.

The botiom one actually represents the output from a
photo-tube. That shows the laser puls v This is the
laser pulse now, and this is the DC polarization pulse
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that we see, and there is a residual effect which I am
not positive whether it is due to overshoot or due to
the pyrclectric effect. There is ramnant pyro effects
still present, but we can see that this noise level is
considerably reduced.
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(a)

{b)

The sensitivity of this scale is two milli-volts per
centimeter, so we have a very efficient system of
measuring the DC polarization..

The technique being more perfect, we geta large sig-
nal on the DC polarization, and so the next logical
step is to try to see whether the spiking phenomena

" ¢dn be observed in the DC polamzanon

MODERATOR SOULES: Are thosetwo ninety degrees
out of phase?

PROF. SUBRAMANIAN: Yes, they are ninety degrees
cut of phase. This is the spiking on the laser pulse
you see on the bottom trace, and the spiking that we
see on the upper trace is due to the DC polarization..

(o)

{b)

You can see thatthe Yandwidth of the amplifier is
limited, so you don't get the correct spikings from the
DC polarization. They are kind of rounded off.

e
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In all these cases, (even though the comments I make
are nol conclusive now), as it is, we don't see any
correlation between the two. We sec in this region
there seems o be a correlaiion, but in those regions
actually here we have the maximum coming in unless
there iy some ncise thatis aclually infroduced, but
corresponding to these levels here, power output of
the laser is very small as apparently therc is no
correlation.

Lhave a few more pictures thut I have taken. These
were all taken only during one day, and as somebody
else was saying, laser went kaput. So far, oune »f
the mujor problems of the laser that we have come
across {twice) is the burning of the coil.

Actually, it 5 not the coil ithelf that gets burat, but
it's the connection to the voil because of the large
amourt of (about three thousand ampures) current
flowing through that for each shot. This is a very
minor problem as far as the operation of the laser is
concerned.

The next slide shows actually the same kind of picture
with one micro-second time scale, We sece actually
the laser pulse spiking process rorresponds to approx-
imately one micro-second which is what people have
observed earlicr.

Again, the correlalion is not too rigorous between the
two pulses, but I have to do more experiment on this.
In fact. if we go ahead and do this with a high power
laser and with a crystal which has high nonlinear
coefficient, we should expect better results.

SaOPFRATOR SOULES: What is the time constant of
the pyroelectric effect? Does it follow these rapid
changes?

PROF. SUBRAMANIAN: No. The rise time seems
to be almost following tke pulse, but the falling time
seems to be very slow. In fact, even in this I think
there is atill a little bit of pyroelectric effect which
Ican show by the slide which is showing the two pulses,
the posilive and negative.

See (ref. slide 5), Inthe first slidethe two peaks, that
is, thie peak andihils peak actually corresponded when
1 d:d the initial experiment, but in this high powered
laser, you see, it i not actdally closely followed.

There is a little bifof lag whicli I think is due lo pyro-
electric effect, this is the laser pulse here, whereas
the pyroelectric pulse here occursthis way, Therels
a lag on the DC pulse which may be due to that pyro-
electric effect which still has to be investigated and

that‘s about thé progress we have achleved in this DC
polarization so far. .
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{ thinkIwill talk about our efforts onthe subharminic
project. Inthe meantime, if anybody has any question
on this, [ will be glad to answer it.

MR. WHITE: What did you decide finally about the
feasibility of a power meter, usingthe DC polarization?

PROF. SUBRAMANIAN: If you want to observe this
spikings in the power, then I am not sure that we can
use it, but if you are interested only in {following the
envelope of the pulse inthe high powerlaser(anything
above [ifty joules scems to be a very nice figure to
use on this) then you can very definitely follow it.

One of the configurations I used in the eurlier setup
was to actually put in some numbers on this. Without
making any approximations, Iput in the electrodes
exactly corresponding to onipotential lines, which
simplified the problem very much. You can actually
build a power meter using this idea.

On the subharmonic generation. people have already
talked about this, {starting from Bloembergen and

Armstrong’s article). Franklin also put forth a trav-
eling wave mode of parametric subharmonic gerera-
tion, and Ithink he came up with a number of twenty
thousand centimeters torusing a power of ten kilowatts.
and 2 nonlinear coefficient of the order of ten ESU.

This cdoesn’t seem to be practical. Huwever, Kingston
came up with the idea that you can use a cavily mode
and this .ncereases efficiency much higher, and in fact
some of his ideas have just vome out in the latest
January issue of the proceedings of the I. E.E. E.,
where he comes out with a number of two hundred
kilowat's. If you have a two hundred kilowatt pulse
of laser, then you can actually build a subharmonic
generator.

However, until today, nobody has come out with a

device that produces a subharmonic generation.

I have beenthinking about this fur the past four months
or so, and [ am trying to approach this subjectirom a
slightly different viewpoint.

The point that I am {aking actually is an extension of
the circuitry coucept that people have extensivelv
worked out in detail as far as generating parametric
subharmonics at circuilry frequencies. The basic
difference between the two methods is that one con-
siders the transfer of power from the funadmental to
the subharmonic by harmonic balancing scheme, (that
is, the total power constant, and ceriain power is
transferred to the subharmonic) whereas in the case
of the other approach (whichis dealt mainly by mathe-
matical formulation), a resonant circuit at some fre-
quency w connected to a variable capacitor which has
a frequency of 2w. Unfortunately I don't bave any
slides on this and so I will describe il for oun the

blackboard.
EI g}l 42 Cos wl

If you have a tuak cireuit with a certain loss element
G, and connect acruss this a capacitor AC  that is
dfiven at Cos 2 Wt where w - ..l “Then, under
certain conditions you can observe the system o be
unstable and subharmonic to be developed.
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The way to analyse this isto write the equation for this
system in terms of charge.
AC

2
d"Q Ge_ dQ 2 ac -
m“ t ¢ w1l - oo cos 2 wt) 0

We ean make some substitutions in this equation and
reduce this equation to a set of Mathieu's equations.

The Mathieu's equation would be of the form
@? + (a - 2q cosZut){’U -0
dT

The details on this can be found out from the book by
Chang on "Parametric and Tunuel Diodes. "

Ii you plotthe stubility diagram for this with the axes
as q ond a, then we get the figure

T Uns
& Y uns
q-——>

something of this form where these correspondto the
stuble region, and this corresponds to the unstable
region. It has been observed that a large amount of
power can be transferred from the fundamental to the
subharmonic at the circuit frequency.

Now, the question is whether such a system could be
uscd, applying this concept to the light frequency. At
optical frequencies, we have the same sort of system
wherein we are changing the dielectric constant with
the radiation ficld and hence. we should get the same
sortof behavior. If we could alsouanalyze this from the
quantum mechanical concept.

The phenomenon of the interaction of radiaton with
the nonlinear dielectric medium will be illustrated by
considering a one-dimensional anharmonic oscillator
that is subjected to the foreing field caused by “he
radistion. Inthe absence of radiation, the Hamiltonian
of the system is of the form

2 ’

!Z)Tn t mwozxz - %)\ %3 - 711“ n x4 (1)
where m is the mass, p the momentum of the particle,
Aandnconstants of the system, and xis the displace-
ment of the particle from its equilibrium posiiion. In
the electric dipole approximetion, the interaction of
the system with radiation is

By — exEg cos (2wt + é) (2)

where ¢ is the electronic charge and Eg cos (2wt +¢)
15 the incident monochromatic radiation. From Eqs

(1) and 12) the equation of motion, including a dissipa~-
tive term, for the system can be weritlen, which will

assume a general form as below
d% | dx e 3 R ()
dt2 (x(u.vﬁ.\ rpx® + 4 x° - Beos 2t

Following the procedure of Hayashi:’, we can trans-
form Eq. (3) into the form

Letting ¢ = ¢~ U(t), and assumng a solution of the
form
x(t) = xo * kysinwt + ky coswt (5)

+ kg cos 2wt

we cun obtain from Ej. (4) the foliowing Mathieu
equation

9 4
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This is exactly the same type of eqw “ion that we saw
earlier {equation), and here we can put in the various
values thal we have, and this would give exactly iden-
tically. So, the idea thatI am thinking of is if there
is going to be a good fransfer ¢! power in the case of
circuit relationships in terms of transferring from
the fundamental {o the subharmonic, then we could
approach the subject exactly in an identical manner
and getsome results also usingthis approach,instead
of using the harmonic balance approach.

So, the work on this is ‘based on the approach that I
have given, and we have also set up the initiail
experiment, I think, that is shown in the next
slide. Ihave two slides on this.

This is the laser we have, and it's interesting to also
mention here that this was taken with no external lights
at all, and just by firing the laser so the external
lights for taking the exposure was given automatically
by the laser light, so you can see the intensity of the
laser pulse in nere.

It was also interesting betauase peuple have tried very
hard to take pictures of the lasers.

You can see the beam coming, and this is a glycerine
tank we have for filtering out any infra-redthat comes
out of the laser originally, and I think in the next
slide the system is shown very clearly.

This is the laser, that we built, and you can see the
size of reductionin this comparedto alithe commer-
cial lasers. A commercial laser would probably fill
up half the room with capacitor banks, whereas all

the capacitor banks and circuits, everything, are iv
there, and there is the laser cavity. Incidentially,

d?ﬁ, dg .2 there is a trick in building a laser cavily, if anybody
it2 “ar v ixe 0 @ is interested.
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For infra-red furnaces, they build cavity by extrusion
process and you can get it at six dollars perinch. It
cost us a thousard dollarg, including all the crystal
and flash tubes as compared to the ten thousand do}-
lars that you would pay in the market. (I may be
killing somebody's business!)

There is the crystal mount. 1 am using the same
crystal mount thatI'had for the DC polarization, even
though I don't need these cables.

Here is the detector. One of the major problems that
one encounters inthis measurementis to filter out the
hundred joule laser pulse from entering the infra red
detector. We have one of the best and cheapest ways
of doing this, to use a silicon crystal. It seems to be
a very efficient system, even though still we have some
problems in terms of defocusing, etc.

We also don't want any of the infrared, that is, coming
out of the laser to enter the infrared detector. A
glycerine solution would be useful for this purpose.
We are now taking the bugs out of the detector. We
haven't done any actual experiment to see whether we
can observe any subharmonic or not, and that's about
all of the problem in the subharmonic generation.

TD
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MODERATOR SOULES: Any questions or comments?

PROF. SCHAWLOW: Where do you get your
reflectors?

PROF. SUBRAMANIAN: Retiectors? Which ones?
PROF. SCHAWLOW: The elliptical, double ellipses.

PROF. SUBRAMANIAN: There is a company in
Minnesota who distributes this. It's some research
corporation. I can give you the name.

PROF. DAW: Did you polish the interior of the
cavity?

PROF. SUBRAMANIAN: You can bulf it, that is all,
the best you can do. Actually, you lose a certain
amount of efficiency in this, but Ithink the reflections
of the aluminum is to the order, this is an aluminum
cavity, is about seventy percent, alsoatthefrequency
of 4100 angstroms, whereas the silver cavity you can
aet a ninety percent, so you would lose a certain
amount of efficiency, but the cost is well worth it.
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MODERATOR SOULES: Dr. Charles Wang, of the
Philco Applied Research Lab at Blue Bell, Pennsyl~
vania, would like to- make seme comments on this
area.

DR. WANG. [ understand it is lunch time, so I will
only spend a few minutes to describe some progress
that we have made in attempting o observe optical
parametric interaction, specifically the parametric
amplification and the difference {requency generation

The parametric amplification that I am talking about
here is a little different from what youwould encounter
in the case of Raman amplification. There you have
second order resonance. The thing I have here is off
resonance.

I don't have. I suppose, to review the theory of para-
metric amplification, particula:ly after both Professor
Shen and Professor Subramaniam have discussed that

_in length.

IfIcouidhave thefirstslide. Thisis the experimental
setup that we have for the observation of this parametric
interaction. Itisessentially the interactionbetweentwo
light beams generated by two separate sources, and
the idea is, in using layman's language, to use a blue
beam. to-amplify a red beam; this understandably is
possible if the blue beam is strong enough.
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So what we have then, we use a Q-switched ruby laser
which generates about thirty megawatts to the best ot
our estimate, in & time of about thirty nanoseconds,
and this output goes into a piece of ADP crystal about
cight centimeters long.

The ruby laser beam passes through the A /P crystal
in a parallel beam geom-=try, that is, wit' wt focus.
At the output we observe the second harr: nic of the
rubly source, as well as the ruby radiati a itself.
This; of course, is done at the index matc: ingdirec-
tion; and the angular dependence of second harmonic
generation, using this parallel beam geometry, is
about five minutes half width. We found this is pri-
marily due to the divergence of the ruby beam itself,
because if you use the index data of ADP, you will
find thai the width of the angular dependence should -~
be something like four seconds of arc instead of the
five minutes which we obtained.

The maximuin second harmonic we have obtained to
date is something like three megawatts from a thirty

something like ten percent instead of twenty percent
that a lot of people claim that they have been able
to achieve.

We have, then, the second harmonic generated this
way pass through a UG-1 filter which takes off the w
(beum), but passes 2w(beam). The 2wpasses through
a calcite prism which is shown over here to have the
2 w{beam) colinearized with the so-called signal
beam, (if I may use the terminology of parametric
amplification here) which is obtained from agas laser
operating at a 6328 A, At the moment, -- may lhave
the second slide?

/BLUE
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The second slide here shows a little bit more clearly

how the two beams can be combined without the use
© - of dielectric coated dichroic mirrors.

We initially were using that, and it turnedov* thateach
nirror could stand only cne shet, and it was too ex-
pensive to do it that way.

The way we have been doing it successfully now is to
use a calcite prism, and having the optic axis perpen-
dicular to the plane there so that you san make use of
the birefringence and as a result the blue beamwill
undergo total reflection at the back face, whereas the
red beam goes into the calcite prism at that face and
it comes out parallel to the blue beam.

This is done. The red beam, it turns ouat, can be
made parallel to the blue beam with about eighty per-
cent transmission from one side of the prism to the
other side of the prism.

May T now have that first slide, again? Back to the
first slide, now. We have the two beams made paral-
lel. This is assured by observing the burn spots cue
to the 2 w beamon a piece of polaroid film and spaced

over two meters away to be sure that the two heams
are aligned.

This way the alignment was made to be about two or
three minutes of arc. Iucidentzily, this is bigger than
the beam divergence that we have at the 2 wbeam.

The 2 wbeam which is shown here at the second ADP
crystal, has a intensity of about three megawatt per

megawatt. at the fundamental frequency. This is square centimeter. We estimate that this is about
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the intensity you need in order to get u 3 db gain for
the sighal. 2 db means tnat you have one photon in
and two photons out. After wepa: through the second
ADP, we have the pump light & 1, we have the sig-
nal light beam, andalsoas areswit of this parametric
interaction you wlill have a difference frequency; for
our choice this difference is at 7600 A. At this point,
uf course, the problem is to tell whether or not you
have observed, whether or not you really have had
any amplification.

In the second ADP, the problem here is complicated;
and if I may go back to the beginning here again, the
prohlerns associtted with this kind of experiment

essentially are the following: (1)you need highenough
power; (2)you have to alizn the two beams to a decent
degree of accuracy; and (3) the problem of detection.

I presume most of you gentlemen here are familiar
with nonlinear optical phenomena. Essentially all
glass fillers fluoresce, either because of multiphoton
absorption, or simply because of the UV radiation at
% uw lregquency, so that the way to get rid of this is to
use a glass prism to disperse the beams out, andto
dewect them at a distance about sixteen meters away
from the second ADP,

Thue next slide shows the difference {requency that we
observed in this experimental arrangement, as you
can see here the difference frequency has an angular
dependence of about one and half minutes o1 arc.
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This is achieved, again, under parallel beam geom-
etry, and the maximum you can get is at a direction
that corresponds o phase matching;andphase match-
ing direction for thig particular process is twelve
minutes away from the direction corresponding to
maximum secondharmonic generation; this we calcu-
lated to be about fourteen minutes of arc from the
second harmonic generation,

[

- only DT signal goes in.

Inview of the fact that we 1+ '\ave twoor three minutes
of arcuncertainty inalignmeuc, this should be rezarded
as a good agreement. The maximum difference fre-
quency we have generated this way is about 1.2 milli-
watt when we have the pump beam at about three
megawatt per square centimeter, and the signal beam
at 6328 A about eight milliwatts.

This is about an order of magnitude below what we

would expect, say, in using the nonlinear suscepti-

bility equal to 2 x 10'90511, and this I'suppose is again
due to the multi-mode effect which [believe isactually
the subject for the Harvard theoriticiars to work on.
This is all.

MODERATOR SOULES: Any questions?

PROF. SHEN: May I comment that the parametric
amplification is exactly the same as Raman amplifi-
cation, only the difference is optical and you don't
have to worry about the phase matching, I mean the
Raman effect, since the dispersion is a straight line,
is a constant frequency w.

MODERATOR SOULES: 'May Ias. , did you get three
db gain?

DR. WANG: No, we did not get 3 db gain. T was say-
ing it was down by about an order of magnitude from
what I expected. What we observed was that with a
three megawatt per gquare centimeter and eight milli-
watt at the sigaal, the difference is about 1.2 milli~
watts. This corresponds toabout 117 percent out and
100 percent in at the signal. In tern , of db, thisis
about one db.

Someone asked if we have really secn anything at a

signal frequency. Yes, we have, because of the full
saturation, due lo the DC component we could not
really tell just exactly how much we have, but I can
show you whnt we observed on the oscilloscope where
we have a pulse on the signal channel although we have
This occurred only during the
time of giant pulse when you sec any different signal
generated, and the signal channel shows nothing un-
less you have amplification, because amplificaiion
shows up as pulse and we did sec a little pulce here
under, as I said, the saturated condition of the
photomultiplier.

DR. QUELLE: Shouldn't you be able to look at the
idler frequency and tell exactly how much conversion
you have?

DR. WANG: This is what we did, but some people
were more interested in knowing if we did see a little
more photons at the sigral in addition to the evidence
that you get by observing the idler frequency.

B 2 S £ s v



[1

Session 111

Part 1

Moderator: F, T, Byrne, ONR

Gas Breakdown

Tuesday Afternoon

Haught
Phelps

23 March 1965

United Aircraft Corp,
Westinghouse

65,66

N



DR. BYRNE: The first subject this afternoon is gas
breakdown. To start off this part of the program we
have Dr, Haughtirom the United Aircraft Corporation.

DR. ALAN HAUGHT: Atthe United Awrcraft Corpora-
tion Research Laboratories we havz been involved,
for the past two years, inan experimental study of
the ionization of gases by the focused high-intensity
beam of & gilant pulse laser -- a research program
supported in part by Project DEFENDER under the
joint sponsership of the Advanced Research Projects
Agency, the Office of Naval Research, and the Depart-
ment of Defense. In Figure 1 ic shown a picture of
the breakdvown phenomena observed. The laser light
in the picture is incident from the left and focused by
the lens. Atthelens focal point, breakdown of the test
gas is observed for suitable conditions of laser beam
power and gas pressure.

PROF. SCHAWLOW: What is the lens focal lengih?

DR. HAUGHT: In this cas?, approximately 3 cm.
The breakdown shown here is occurring in air. You
will notice arather characteristic shape of the break-
down region, blunted on the end toward and lobed on
the end away from the incident laser beam. This
shape is a consistent one for breakdowns produced by
focused high-intensity radiation and as yet is one for
which there isnoadequate explanation. There is un-
doubtedly some very interesting fluid dynamics asso-
ciated with the development of this characteristic
shape; however, our attention on the gas breakdown
problem hasbeen directed toward an understanding of
the development of ionization in the breakdown.

In Figure?2 is shown a schematic diagram of the appa-
ratus used for siudying the breakdown. A giam pulse
ruby laser system is used as the light source in these
studies, andboth {lat-ended and Brewster-angled ruby
rod configurations have been employed. With either
configuration the giant pulsec laser output was of the
order of 30 M watts peak power with approximatelya
30 nsec duration. In the diagram, the laser light is
incident from the left on the focusing lens which forms
one window of a test cell containing the gas under
study. 'The test cell was designed for both vacuum
and high-pressure use and permits the study of a va-
riety of gases under high-purity conditionsatpressures
up to 2000 psi. A set of charge collection electrodes
are located within the test cell for measurements of
the ionization produced in the breakdown, and aperture
windows were provided to permit observation of the
breakdown luminosity.

Observations of the breakdown luminosity were carried
out, and it was established that the breakdown light
was not scattered radiation from the incident giant
pulse. In the {irct place, the breakdown luminosity
is readily observed through the laser proteclive goggles
which are specifically designred to exclude the incident
laser radialion. Tn addition, it was observed that the
breakdown luminosity lasts for a time long compared
with the duration of the incident laser pulse. Shown
in Figure 3 is a dual trace record of th. Jaser giant
pulseand breakdown luminosity. Thelaser giant pulse
lasts approximately 30 nsec, while the breakdown
luminosity if present for some 600 nsec.
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The pair of charge collection electrodes described
previously were placed on either sile of the lens focal
point and used to determine that electrical breakdown,
that is the production of ion pairs, was achieved. The
electrical circuit associated with these electrodes is
shown in Figure 4. The breakdown was formed be-
tween the electrcdes and both the instantaneous cur-
rent and the total charge collected were measured.
About one half o1 the total charge was collected very
quickly over a time of about .5 » sec, resulting in a
current of approximately 5 amps through the circuit.
The remainder of the charge collected was received
over a very much longer time interval,

To compare the phenoric ra.observed here with existing
theories of the electrical breakdown in gases, measure-
ments have been made of the optical {requency electric
field required for breakdown asa function of pressare
fora number of gases, The electric field strength at
the point of breakdown was determined from calorimet-
ric measurements of the energy in the giant laser
pulse, the time duration of thepulse cbtained from
photodiode measurements, and the diameter of the
focused beam. For a typical case, the energy of the
giant pulse is one joule and its duration is 30 nsec,
giving a peak power in the incident beam of 30 Mwatts,
The diameter of the focus point has been obtained by
three techniques: measurement of the hole size pro-
duced in extremely thin metal foils by the focused laser
beam, the product of the measured laser beam diver-
gence and lens focal length, and ray-tracing through
the focusing lens.

The first of these techniques involves the burning of a
hole in an extremely thin metal foil by the focused

laser beam. ‘The ifcideiit beani is firs{ attenuated to

the point that the beam intensity is just below the
tlireshold of damage for the foil used. By then remov-
ing an attenuation of 50% from the beam, the signal at
every point is doubled and the half power point of the
incident focused beam will be at the threshold of damage
of the foil. The diameter ot the damaged foil area is
then the diameter at half power of the focused laser
beam. Thefocaldiameter is determined by this tech-
nique is approximately 0. 2 mm, which, it should be
noted, is much larger than the diffraction limit for the
beam diameter and lens focal length used,

The laser beam output in the giant pulse mode is not
fully collimated but, in facl, has a small divergence.
Fromgeometric optics, alens will fozus this slightly
divergent beam to 2 focal diameter given by the pro~
duct of the lens focal length and the angle of divergence.
The divergence is first determined from the diameter»
of the focal swot produced withan extremely long focal
length lens, From the laser beam divergence and the
focal length of the lens used in the breakdown experi~
ments, a focal spot size of 0, 18 mm is obtained, a
result in substantial agreement with that determined
from the thin foil experiments previously described.

Evaluation of the focal spot size by ray-tracing the
slightly divergent laser beam through the particular
lens configuration used in these experiments gave a
focal spot size of 0, 17 mm, in good agreement with
those determined from the hole burning and focal
length divergence techniques.
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Using these focal spot size measurements, the giant
putse fime history, and the iaser energy required for
breakdown, the breakdown threshold eleciric field
strength was detormined for a number of gases over
the pressure range from one atmosphere to 2000 psi.
The data obtainew are presented in Figure 5. The
values plotted in the slide are threshold electrice field
strengths: i, e., for a given gas if the electrie field
strungth and pressure lie below the curve breakdown
does not occur, and for field strengths and pressures
which lie above the curve breakdown is ol served.

Shown in Figure 5 arc the threshold electrie field
strengths required for breakdown in argon, helium,
and air. In all cases, the breakdown threshcld elec-
tric field decreases with pressure approximately as
one over the square rootof the pressure, Of the gases
studied, argon requires the lowest electric field for
breakdown at a given pressure. Helium, which hasan
ionization potential somewhat greater than that of
argon, requires a higher threshold electric field for
breakdown., The constituents of air have ionization
potentials comparable with that of argon, and yet the
electric field required for breakdown in air is sub-
stantially higher even than that for helium, indicating
that the molecular gases of which are is composed have
energy loss mechanisms inaddition to those 4ssociated
with the inert gases.

During the experinieiits on gas breakdown, it was ob-
served that the incident radiation as it passed through
the breakdown region was attenuated by the plasma
formedatthelens focus. The apparatus usedfor these
attenuation measurements is shown in Figure 6, Two
photomultipliers (A and B) monitor the radiation both.
hefore (A) and after (B) it has passed through the
breakdown plasma, A partially reflecting glass plate

O
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is used to divert a small fraction of the indicent laser
beam onio pholomultiplier A, which is used to observe
the wave shape of the incident laser radiation. With
both photomultipliers filtered sothat they are sensitive
only to the 6943 A ruby laser light, it isobserved that
whenbreakdown occurs the transmitted laser radiation
is severely attenuated during the later portions of the

A doublas axnoaure of the tpang=

LA[eR -OPUCAL awQOURLS QRPOSURE O wil wrand=

mltted lﬂsu' x"\dnt ~n with and without breakdown is
shown in Figure 7, When no breakdown occurs the
transmitted light has the time history of the upper
trace and is identical to the wave shape observed by
the monitor photomultiplier A, When breakdown does
occur the laser beam is significantly attenuated, as
shown in the lower trace. For these experiments, the
beam power isslightly above the breakdown threshold
for the argon test gas, and over one half of the one-
joule incident optical eriergy is removed from the
{ransmitted beam., Attimes shoxtly after the initiation
of the breakdown, approximately 90% of the incident
radiation is being withdrawn from the transmitted
beam by the plasma.

It is possible that the energy withdrawn irom the trans-
mitted beam could be scattered by the breakdown
plasma or rezradiated at wave lengths other than the
ruby radiation. If the radiation were scattered at the
ruby laser {requency, 4his radiation shouldbe observed
at angles other than those of the cone of the {rans-
raitted radiation. A series of photomultiplier measure-
ments have been carried out covering the entire solid
angle subtended by the breakdown region. It was ob-
served that increased scatlering of the 6943 A ruby
laser radiation waspresent when breakdownoccurred.
However, even integrating over the lotal solid angle,
it was found that the increased scattering wus negli~
gible compared with the one-half joule of energy re-
moved from the incident taser beam,
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I the energy lost from the laser beam were absorbed
in the plasma, this absorption should be observabls
as a temperature and pressure rise in a fixed volume
fest gas. To test for such an absorption, the break-
down was produced within a small, closed cell con-
nected to a sensitive pressure transducer as shown
in Figure 8. Operating just below the breakdown
threghold, no breakdown was formed and no pressure
change within the cell was observed. When the inci-
dent laser beam power was increased just slightly
above thresheld, breakdown was observed and a 2 pai
pressure rise was measured. This pressure rise in
a cell volume of 23 cm3 corresponas to an energy in-
crease of the gas within the test cell of approximately
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one-third of a joule, and this, within the accuracy of
the experiments, is the amount of energy withdrawn
frrom the incident beam by the breakdown plasma.,

A number of mechanisms, shown in Figure 9, have
been offered in the past to explain electrical break-
down in gases. Ovar the range of pressures studied
in our experimente, the breakdown field strength
ranges from 1080 107 V/¢m orlessthan 0.1 volt
across the dimensions of anatom. Thisfield strength
is less by abot't two orders of magnitude than the 10 eV
required for tie ionszation of a typical atom, und, there-~
fore, directelectric fleld stripping of an electron from
an atom is not likely to be a significant process in the
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development of optical frequency breakdown. Simple
calculations using the cross section for Compton
scattering and the energy transferina Compton colli-
sion show that the energy transferred to the gas by
this process is negligible compared with that required
to explain either the development of the breakJdown or
the atienuation of the incident laser beam. Direct
photgoionization of the gas atomsby the incident radia-
tion is not possible, since the laser photon energy is
only 1,78 eV and gases with ionization potentials
ranging from 10 to 24 eV have been successfully
fonized by the laser beam. There does exist the possi-
bility of multiple photon absorption. A consideration
of this process will show, however, that straight for-
ward multiple photon absorption will net account for
the phenomena observed. The atoms in the gas are
fnitially in the ground state. Upon absorbing a photon,
the bound electron of the atom is raised to a virtual
gtate which persists for a time interval of the order of
10712 (o 10-13 geconds. During this time, there is a
{inite probability that a second photon will be absorbed,
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raising the electron to a still higher vis tual state, By
a succession of such absorptions, the electron could
reach the first excited state from vwhich, by further
multiple pheton absorptions or photoionization to higher
energy levels, the ionized state is eventuaily reached.
However, to reacheventhe lowestlying levels of argon
and helium wouid require, respectively, 7 ang 12
successive photon absurptions.  Assuning even a 10%
probability for each absorption process, this would
imply a 105 order dilference between the intensities
of the laser radiation required lor breakdown in argon
und helium. The experimentally observed ratio of
laser beam intensities is only a factor of three, and,
on this basis, the simple muitiple photon absorption
processcs described here will not account for the de-
velopment of optical frequency breakdown. Note added
in proof: Tozer in a recent article {Phys. Lev., Vol.
137, March 15, 1565) discussesa multiphoton absorp-
tion theory in which account is made of statistical
flucteations of the irradiating beam photon det sity.
Tozer predictsa focal volumc dependence of the break-
down threshold which varies as V-1/2N, where N1s
the number of photons required te raise the atom to
s lirst excited state. For argon, N is 7, giving a
predicted focal volume dependence of EaV-0- 07 while,
as wilt be described, a volume dependence of E av-0. 2
wis obtained experimentally. From this lackofagree-
ment, it would appeat that multiphoton processes are
net the rute timiting step in the development of optical
frequency breakdown,

Cascade theories have been developed to explain gas
breakdown at microwave frequencies and employed by
some o explain the optical frequency breakdown. As
will be discussed, however, the microwave and optical
frequency regimes lead to entirely different pictures.
of the breakdown process, und it will be of importance
to examine bhoth in detail so as to demonstrate their
differences, In the microwave case, Iree electrons
gain encrgy from the dppiied efeciromagnetic field as
a result of collisons between the electrons und the
atoms or ions of the breakdown gas. For an applied
oscillatory electric field of amplitude, E, theperiodic
force on an electron will be of the order of E Limes
the charge of the electron. The resulting acceleration

0
of the electron will then be of order %Te , where m is

the electron mass., At low pressures where ihe colli-
sion frequency of the electrons in the gas, p, is much
iess than che radian frequency of theapplied field, this
acceleration will be experienced by the clectron for a
time of the order of 1/w and results in an oscillatory

component of the electron velocity of %%; The oscil-

latory energy of the eleciron is then 4E = lfzm(AV)2

E2¢2 .
- 1L:2m ... The oscillating elccetron will make

m
collisiuns with the hackgiound gas atoms, churzing
its phase with respect o the applied field. Sucha
cellision randomizes the ordered oscillalory motion
of the clectrons, and, on the average, the electron
gains an amount of cnergy equil to 4E per collision,
With v collisions pev second, the rat~ «:ot:‘2 power gain.
by the clecirons is AEp or P - §/2 g——-———'iew 2v. This
resull holds when the collisonfrequency is very much
less than the radian frequency of the applied field,that
is at low 1 ressures. At microwave frequencies, it is
possible to have a sufficiently highpressure in the gas
that many collisions oceur per oscillation of the elec~
{ron. Wldie the acceleration of the electron remains
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E .
as before, _1{19, the electrons, making many collisions

per cycle, experience this accelerationonly fortimes
of the order of the reciprocal of the collision{requency,

resulting in a AV between collisinns of%—:};. The energy
gain per collision is then of order 4K = l/Zm(AV)2

=1/2m -:4129;2— This energy is gnined on the averige
in every collision, and, with veollisions per second,
the rate of power gain by the electrons at high pres-
: 22

E"e

2 2
mv
frequencies then, if a given rate of power input is
required for breakdown, the threshold electric field
would vary inversely as the square root of the gas
pressure at low pressures, and at high pressures the
electric field breakdown threshold would vary directly
as lhe square root of the gas pressure.

sures where v>>wis P = 1/2

v, At microwave

At optical freqﬁéncies, the inleraction of the electron
with the applied elecirumagnetic field is no longer
simple, and the concept of an electron oscillating in

response tothe incident fieldis no longer valid. Under

congitions appropriate for microwave breakdown, the
oscillatory energy of the electron in the applied field
corresponds to a kinetic energy of the ovder of 10-3
¢V, while typical micrewave photon energies are of
the order of 108 to 10-8 eV. Thus, an eiectron os-
cillating inthe electromagnetic field absorbs and emits
many microwave quanta every cycle, and the motion
of the electron may be considered to be classical. At
optical Irequencics, for the [ield strengths used in
these experiments the oscillatory energy of the electron
calculated classically is again of the order of 10-3 eV,
but the photon energy in the ease-of & vuby laser s
1.78 eV. Therelore, the oscillatory energy of the
electron is small compared to the photon energy, and
one might expect that the motions of the electron and
its snbsequent interaction with atoms in the radiation
field is governed by quantum effects.

During an atomic collision, un clectron may emit a
photon by the process of Bremsstraklung. From de-
tailed balance considerations, the reverse reaction,
inverse Bremsstrahlung, must also exist in which a
free electrongains energy by absorbing a photon from
the radiation ficld during a collision with an atom.
From a detailed calculation of the energy gained by
free electrons in an applied electromagnetic field,
including an appropriate balance between stimulated
Bremsstyrchlung and inverse Biremsstrahlunyg, a nu-
m¢ eical result is obtained which is identical with the
energy gain rate associated withthe microwavericture
at low pressures.

DR. SOULES: If you were to apply large dec magnetic
fields into the region in which the breakdown occurs,
wouldn't this rather directly sort out these two
processes?

DR, HAUGHT: We have carried out experiments ob-
seryving the breakdown thresholds in inagnetic fields
as iegh as 20,000 gauss and have found no effect on
the breakdown threshold.

DR. SOULES: What happens in the microwave case?

DR. HAUGHT: I do not know.
could comment on this.

PerhapsDr. Meyerand
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DR. MEYERAND: To produce any appreciable effect,
sufficiently high magnetic fields would Lie required
that the gyro-frequency of the electrons becomes
comparable to the radian frequency of the incident
electromagnetic fields. Such fields would be of the
crder of hundreds of kilogauss. For lower magnetic
fields and at gas pressures above atmospheric, the
electron collision {requency is sufficiently high that
the trajectories of the electrons are a series of
straight lines and no magnectic field effect would be
expected.

DR. HAUGHT: It should be pointed out that while the
30, 000 gauss sounds like an extremely high magnetic
field, it :s, in fact, very nearly equal tothe oscillating
magnetic field associated with the focus~d optical
radiation. An electron in a plane electromagnetic
wave will interact primarily with the electric field of
the applied radiation, and any interaction with the mag-
netic portion of the incident wave will be smaller than
thisby afactor of v/c, where vistheelectron velocity.
This, for electrons with energies even as high as 10
eV, the effect of a 30, 000 gauss magnetic field is neg-
ligible compared with the electric field portion of the
applied optical radiation.

DR. SOULES: My thought was that the applicationofa
magnetic field would sort out or differentiate any micro-
wave type intera .tions.

DR. HAUGHT: I do not think that with reasonable
magnetic fields any such sorting out would occur; and,
in fact, as will be discussed, such a differentiation is
really not necessr.cy.

DR. KIDDER: These two processes. microwave ab-
sorption and inverse Bremsstrahlung energy absorption
are, Ithink, the same thing. I guess other people are
going to say that. In fact, We tave done free-free
absorption calculations at optical frequency for helium,
and the way we did it was to make use of very good
elastic scattering ~alculations and use phase shift
methods. Under certain conditions, it can be shown

_that a calculation of free-free absorption, which you

call inverse Brems strahlung, at optical frequency
amounts to a calculation of microwave absorption.
There is a regime where they are essentially the
same process.

DR. HAUGHT: They are indeed the same process.
However, I think that ir is important to drawadistinc-
tion hetween th.; picture of the two cases. At micro-
wave {requencies one thinks of phase mixiug collisions
and physical oscillation of the electrens in the applied
magnetic field. In the optical frequercy case, cne no
longer considers the existence of such clectron oscil-
lations and the collisions themselves are viewed in an
entirely different fashion. At low pressures and
electron energies greater than the photon energy, the
numerical results obtained are the same, and, under
these circumstances, the physies involved inthe micro-
wave and optical [requency regimes are basically ident-
ical. However, the picture of the »rocess in the two
cases has relevance in ¢onsidering th- pressure de-
pendence of the breakdown aw optical ireguencies for ex-
tremely high densities and also in determining whether
or not & minimum in the breskdowr threshold exists at
optical frequencies as if docs i the microwave case.

PR, MEYERAND: Should nct the distinction between
electron energies that are very low and those that are
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muchi higher than the photon energy be emphasized.
For electron energies below 1.7 eV, stimulated
Bremsstirahlung emission of a ruby laser frequency
photon is not possible; and, in this case, the energy
absorption results differ considerably from. those ob-
tained from the microwave picture.

DR. HAUGHT: Such an effect will result in a rapid
initial energy input to the electrons and lead *o a
faster early heating than would be expected on the
basis of the microwave picture. In addition, with opti-~
cal frequency incident radiation, rapid photoexcitation
and eventually photoionization can occur once the
electron reaches the first excited state of the atom.
However, at microwave frequencies the gap bebween
energy levels in the atom is very much larger than
the microwave photon energy, and such rapid excitation
and ionization does not occur. Here again is a distinct
difference between the microwave andoptical frequency
regimes.

At microwave frequencies, the br- kdown threshold
electric field at low pressures varies as one over the
square root of the gas pressure and at high pressures
varies directly as the square root of pressure for a
given rate of power input, assuming noloss processes.
If diffusion losses are present, the breakdownthreshold
at low pressures decreasesinversely as the pressura.
At high pressures the major energy loss mechanism
is that resulting from elastic collisions between the
electrons aiid gas atoms and resulis in a threshold
elrctric field which varies directly as the pressure.
The decreasing breakdown threshold as a function of
pressure at low gas densities, where v (¢ w, coupled
with the increasing pressure dependence of the thres-
hold at high pressures, where v %) w, results ina
minimum in the electric field required for breakdown.
The minimum occurs at the point where the collision
frequency in the gas is equal to the radianfrequency of
the applied electromagnetic field. This condition ex-
trapolated to the optical frequency gas would require
a gaspressure of theorder of 30, G00 psi, substantially
above the measurements which we have conducted
to date.

As shownin Figure 5, at optical frequencies thebreak-
down threshold electric field varies approximately as
one over the square root of the gas pressure, which
would suggest that diffusion losses do not play a signi-
ficant role in the development of optical frequency
breakdown over the pressute regime of our studies.
Experimential measurements have heen made to test
this conclusion, and it has been found that this is, in
fact, not the case The magnitude of any difiusion
losses present witlva: , as the surface-to-volunie ratio
of the region in whivhthe breiwkdown oczurs and can be
changed by varying the focal volume of the breukdown.
15 our ~xperiments, the focal volume within which the
breakdown 1s formed has teen varied and the break-
down tnreshald elcewric ficid streagihs examined as a
function: oof the dimensions of the foeal volume for a
giver gas at a fixed pressure. If difusion sussesar:
nul importaunt in the development of breakdowr, then it
would be expectedthat the threshold electric field woulid
be independent of the size of the focal region.

The dimensions of the focal region. as discussed be-
fore, are given by the prodact of the {focal length of
the focusing lens and the divergence of the incident
laser radiation. The divergence of the laser beam
remainrs esseptially constant from pulse to pulse, and
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the dimensions of the br_kdown region caa be simply
varied by changing the focal length of the lens used o
focus the radiation, Experimentally, over a range of
lens focal lengths from 3 to 7 cm, the threshold elec-
tric field required for breakdown decreases with lens
focal length. A higher electric field strength is re-
quired for breakdown within the smaller foral regions,
indicating that diffusion-like losses play a significant
role in the development of the opticai frequency break-
down over the pressure volume regime studies.

For the case where diffusion losses dominate, the
breakdown threshold electric field should vary as the
reciprocal of the lens focal length. Experimentally,
however, the threshold electric field varies inversely
a3 the 0. 6 power of the lens focal length. It is pos-
sible that this 0.6 power focal length dependence
corresponds to breakdown near the minimum in the
breakdown threshold curve. At microwave frequen-
cies, the breakdown threshold curve differs ap-
preciably from the asymptotic low-pressure and
high-pressure dependences over a pressure »ange of
only one or two orders of magnitude. The measure-
ments that we have made atoptical frequencies, however,
span more than two orders of magnitude in pressure
and are yet more than a factor of ten in pressure
below that at which the collision frequency equals the
radian frequency of the applied field. It would appear
then that the pres - dependence of the breakdown
threshold at opticu. quencies is substantially dif-
ferent from that obiained in the microwave case, and
further measurements of the offects of diffusion-like
losses on the breakdown are necessary. In our ex-
periments, we plan to extend these measurements to
still longer focal lengths until the breakdown thres-
hold electric field no longer decreases with increasing
focal volume; i. e., the pointat which diffusion-like
losses are not longer sigmficant in the development
____________ 8inge the mmgnitude of ¥he 10SSEs 1S
not know:, the loss-iree breakdown threshold thus
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determined is the significant one for testing proposed
theories of the optical frequency breakdown process.

‘Measurements have been made of the electric field
strength required for breakdown as a function of the
frequency of the incident radiation using both ruby and
neodymium laser radiation. With ruby incident radia-
tion, the breakdown field sirengthvaried approximately
as the square- oot of pressure over the rangeircm one
atmosphere t, 2000 psi. With neodymium incident
radiation, a similar dependenceof the breakdewnthres-
hold on gas pressure was observed, and il was deter-
mined that the breakdown field strength for a given gas
and pressure iies slightly belowthat required for ruby
rradiatien.

The neodymium laser leam used in our experimeénis
has a divergence somewhat less than that of the ruby
radiation, and the diffusion loss effects associated
with the smaller neodymium spot size has been taken
into account in these measurements. The measure-~
ments from which this correction is derived, however,
have been made at present only for atmospheric pres-
sure breakdown, and it is uncertain whether the same
diffusion loss correction would apply at the higher
pressures. Measurements are currently in progress
to determine the focal spot size corrections required
at higher pressures, and, on the basis of these meas-
urements, a more valid comparison of the neodymium
and ruby radiation results will be made.

The neodvmiuam laser ouiput is at a lower frequency
than that from the ruby, and, as predicted by the

inverse Bremsstrahlung picture of the breakdown

process, the threshold electric field for bireakdown

should scale inversely with the frequ:nvy oi the ap-
plied field. Experimentally, the neodymium break-
down threshold lies below that for ruby incident

radiation, and the ratio of the/threshold eleciric Helds

is in substantial agreement with the ratio of the {re-
quencies of the neodymium to ruby laser radiations.
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MODERATOR BYRNE: Were there any {urther com-
ments? Then Dr. Phelps from the Westinghouse Lab
at Pittsburgh, I believe, has a few comments.

DR. A. V. PHELPS: In this discussion I will concen-
trate primarily on the theoretical questions associa-
ted with the breakdown of gases by lasers.

As Dr. Haught indicated, several mechanisms have
been proposed for ionization of the gas processes
which I have come fo calldirect ionization processes.
These include photoionization, multiphoton ionization,
and electric field stripping. The last two are usually
called nonlinear processes.

People in the field are satisfied with the terminology
"nonlinear' for these processes but as soon as you
get out of the field it bothers people considerably. We
had a whole session on nonlinear processes this morn-
ing, so we are then ‘o consider this possibility.

A second type of process with which we are very fa-
miliar in the field of gaseous breakdown is that of
electron impact induced processes.

Soeme of the arguments regarding the relative impor-
tance of these have been givenby Dr. Hauvghi. I would
like to summarize briefly by saying that to me the
arincipal arguments which indicate that the bulk of
the ionization is not due to the direct interaction of
the photons with the gas by some multiphotonphoto-
ionization or stripping process are i) the small in-
crease of laser intensily required to break downargon
relative to helium, and b) the relatively rapid variation
in the threshold intensity required to break down the
.. As Dr, Haught indicated, the threshold varies
roughly as the inverse square root of the pressure,
If we were dealing with a multiphoton process, for

examnla, one would expect a very slow variation of

threshold intensity of the laser with pressure. This
has been discussed by Tozer. We therefore believe
that the bulk of the ionization is probably by some
other process, and the question we have Leen asking
is, can one account for the bulk of the ionizatjon by
an electron impact process,

ft turns out that one in general cannot account for the
hulk of the ionization by the normal electron impact
ionization provess in the sense of fonization directly
from the ground state. However, if one considers
ionization as a two-step process in which one first
excites the atom or molecule to some excited level,
then pholofonizes [rom that level, one can account for
the ionization. When I say that, I mean that all of the
experimental data available to me at this time is con-
sistent with lonization rates which fall between these
two limits.

Let's look at the model which we will use to talkabout
laser breakdown in gases, This is a ratheridealized
madel. [ assume that our laser intensity is zero up
to time eyual zero, and is constant from there on. It
is not and this ia a source of @ great deal of difficulty
in ar iyzing the data.

If we are going to use electron impact ionization or
excitation followed by photoionization to account for
the results, we need an electron to start things off.
This electron may ve residual in the gas; Idon'tthink
it is, but it may be. This electron may be produced
by the laser,
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Let's skip that point for the moment and discuss what
happens after we get this f{irst electron, Accordinglo
the electron imp el mechanism, the first electronwill
gain energy from: the radiatior field, will excite or
ionize an atom or molecule. When ionization oceurs,
we have two electrons, These two electrnns collide,
produce four, and we have an electron avalanche type
mechanism,

We expect that the electron densiiy wiil start off at
some value corresponding to roughly one cleciron in
the focal volume. Now, the focal volume is of the
order of 10-9 cubic censtimeters inthese experiments,
so that one electron corresponds to an initial density
of around 105 cm~3. This i{s shown in Slide 1.

ldeali zed model of laser induced breakdown
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If we have z. electron avalanche ionization process,
we expect a denslity to increase, we eventually got
to the point where we find that the mechanism of ab-
gorption of energy changes from the free-free absorp-
tion involving neutralpuriicles to one involving ions.
Because of the larger exoss section lor electron-ion
scatiering, once the gas is more than about 0, 1%
tonized, one expects a very sudden increasc in the
rate of aosorption of energy and presumablya corre-
spondingly rapld Increase in the rate of tonization of
the gas,

Our Interest, then, in discussing the electronm ava-
lanche process is to fellow the electrondensity from
the point of initlation up to {he point of this very
rapid absorption.

Once we have reached this point, the gas is effectively
hroken down, There are lots of interesting processes
oceurring at the ligh fractlnal u nizations, but we
are nol going to consider them.

Now, I have left out several complications which we
have investigaied briefly, One of them'is thal as the’
electron density increases, we produce positive fons.



This begins to set up space charge fields, Eventually
the density reaches the point where the Debeye length
is comparable with the size of the focal radius, and
so there is a reduction in the loss of electrons by
diffusion. If diffusion is an imporiant loss mechanism,
the decreasac loss will cause the eleciron density to
rise more rapidly. We will neglect this effect in this
discussion today.

Let's now consider in detail the process by which ths
vlectrons gain energy and ionize the gas. 1 would like
to do this by showing first the results of some theoret-
ical calculations of the free-free absorption coefficient
in the case for hefium.

In Slide 2 I have shown several approximations which
have been used in discussing {ree-free absorption,
The curve marked (1) is what I call the astrophysi-
cist's way of doing it. In the past, it has been cus-
tomary {o reduce the results to an equivalent ionic
charge, and to express the cross section for the
process.

Eree iree absorptien and stimuloted emission coetficirnts
for electrons in helium
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If one assur-2s that this effective charge were inde-
pendent of the electron energy, then one would find
that absorplion cross section in a typical electron-ion
fashion, dropping with increasing energy. However,
this is not the case in neutral gases. The absorption
coefficient has been calculated at very low energies,
starting with Charndrasekar and Breen, then Somer-
ville, and more recently Holstein, Holstein has
shown that the free-free absorption coefficient is
very simply related to the cross section for momen-
tum transverse scattering, If one knows thatcross
section from theory or experiment; onc can calcu-
late directly this cross section. The curve labeled
(3) shows the calculated cross section for helium.

The work of Somerville suggests a slightly lower
curve (2) but [ don't think in this stage ten percent is
going tn bother anybody., Dr. Kidder mentioned that
they had done calculations in helium using phase
shilts for {ree-{ree absorption cocfficient.

Dr. Ashkin of our laboratory has just completed
some calculations using the Holizmark model for
argon in order to check the Holstein theory, It's
not intended that the cross sections calculated using

m”

the Holtzmark model for scattering be accurate, but
that the calculation provide a comparison of the cross:
section obtained by a proper integration of the wave
function and the cross section one gets using Holstein's
theory. It turns out Holstein's theory is very good. I
therefore feel that we know free-free absorption co-
efficients quite well, Uncertainties in the cross sec-
tions may be ten percent or {wenty percent. This is
probably as w.»!! as they can ever be known from
theory, Maybe somebody will hink up an experiment
to check them directly.

I have also shown in Slide 2 the stimulated emission
cross sections which, of course, have to be taken into
account in {he laser probiem.

Now that we have whut we believe is.an accurate free-
free absorption coefficient, we want to use this to
calculate the rate of energy gained by the electrons
and the corresponding rates of electron excitation and
ionization. I won't go into details. Basically this in-
volves setting up the Boltzmann transport equation,
substituting in the {ree-free aosorptioncross section,
programming for computer, putting in realistic elec-
tron scattering cross sections (which we have previ-
ously detived in other connections), and calculating
the excitation and jonization coefficients.

For those not familiar with this, in general what one
does is to sct up a continuity equatioa in energy space,
and solve this equationicr the electron energy distri-
bution function whichin general falls off with increas-
ing electron energy.

An important question {o be answered by these cal-
culations is the applicability of the results of micro-
wave breakdown theory to this provieri. Dr. Haught
has discussed some aspects of the question of com-
parison with microwave theory.

The appropriate scaling parameter in theory is the
ratio of the electric field strength calculated from the
laser intensity to the angular {requency of the optical
radiation. The propnsalof the pr.ponents of the
microwave theory is uat if we take the correct value
of this ratio, substitute into the microwave theory,
we can calculate the rates of ionization and so forth
which one needs to compute breakdown conditions.
Therefore, what we have done is to make compari-
sons of the more exact theory with a microwave
theory using this same scaling factor.

Now, the distribution function in the microwave case
turns out to be a monotor ‘caily decreasing function of
electron energy, with no particularly interescng
structure. When one puts in the finite photon energy
of the optical case, one finds that the distribution
functions for helium and argon have some small oscil-
lations near zero energy and a few more starting at
the excitation potential, Other thanthat it's very close
to that calculated using the microwave theory.

To calculate excitation snd ionization ratea, we mul-
tiply the distribution function times the cross section
and velocity and carry out an integration over energy
space. The rates of excitationand ionization colli~
sions are shown in Slide 3. Here we show for helium
the excilationand ionization{requencies (the rate per
unittime per atom) as a functionof the parameter elec-
tric field strength to angular frequency. The square



points are calculated using microwave theory, thatis,
making the assumption that the photon energy is so
small that we use the classical theory of oledtron
acceleration, If we use the cross sections which 1
have just presented for optical photons, one calcu-
lates the circular points. We see that they agree to
within the accuracy of the calculation.
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Therefore, even though one may be unhappy withsome
of the concepts of the microwave theory applied to the
optical regime, we feel that we have shown that a
properly scaled microwave theory, using the param-
eter E/w voes lead to the correct rates of excitation
and ionization.

Now, in any comparison with experiments, in partic-
ular in the optical region, we have to worryabout this
possibility of multiphoton processes. We feel that the
evidence available at present strongly favors the pres-
ence of multiphoton photo-ionization of excited states.
By that I mean that the evidence suggests that if an
clectron excites an atom to the first excited state,
then three photon photoionization occurs very rapidly.

We have obtained what we feel is direct evidence for
this in the form of obser vations of broadening of spec-
tral lines during the laser pulse. However, this in-
formation has not been made very quantitative yet.

Now that we know rates of production of electrons, we
have to balance this against a loss rate and the rale
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of production required to build up the ionization so as
to essentially completely ionize the gas.

The continuity equation which we have to consider is

g{-‘ E (x»'\, + Vi) n-D¥vn
Here n is the clectron density, v, and v; are the ex-

citation and ionization coefficients, and D is the elec-
tron diffusion coefficient.

It's difficult to solve this equation to any degree of
precision; just within the lasé few months it dawned
on one of our mathematicians that this equationcanbe
reduced to the Schrodinger equation and that therefore
techniques for solution are available in many, many
books. We are currently in the process of trying to
take advantage of this. So far we have used the ap-
proximate solution used by those concerned with high
power radar transmission. Her2 one essentially con-
siders that one has a circular beam of energy passing
through a gas and that there is an ubsorbing boundary
essentially at the edge of the radar beam. Unfortu-
nately in cylindrical geometry this approximation leads
to an error which could be serious, numely, it pre-
dicts a threshold for breakdown.

C. W. Helstrom of our laboratory bas shown that if
one solves the continuity equation in cylindrical geom-
etry, one finds that there is no threshold for break-
down in the true sense. One always gets some rate
of growih of ionization.

For our present purposes we replace the diffusion
term by a diftusion coefficient divided by a square of
the diffusion length. The diffusion lengthis the radius
divided by 2. 408, the first root of the Bessel function,

.. We then assume that the electron density increases.
exponentially with time and calctilate the exponent in

the growth equation. This solution can be used along
with our _condition that the electron density grow from
about 10° cm™ to that of a completely ionized gas to

calculate the time required for breakdowns.

In Slide 4 I have shown some calculations of the time
required for breakdown in helium at one atmosphere

and for a 10-2¢m radius focal spot. As shown by the
left hand dashed curve, the predicted thresholdin this
co.se is around 5 x 101b watts per square centimeter

when we assume that excitation is followed by photo-

ionization. I we assume thatonly direct ionization is
important, we obtain the right-hand dashed curved.

The solid curves of Slide 4 show curves of the break-
down times with no diffusion, The expecled values
lie between these curvesbecause of the possible effects
of space charge and the errors in solution of the dif-
fusion equation,

Unfortunately, I do not have a slide of any of the ex-
perimental data obtained by Waynant and Ramsey. I
can £how peogie aflrrwards a drawing for the case of
argon. It turns out chat for argon. with a 3.3 centi-
meter focal length lens, the agreement between theory
and experiment is good, probably better than we should
expect. For the longer focal length lenses, the agree-
ment is not so good.

I should point out that we have had a greal deal of dif-
ficulty with changing laser intensity patterns. It has
been extremely difficult to keep our calibrations at

T




all believable,-and calibration has really occupied a
largefraction of the experimentalist's time, Some of
the changes in beam divergence can be eliminated by
using a more modern [lash lamp and reflector. In
spite of these difficulties, I believe the data obtained
by Waynant and Ramsey represent a marked improve-
ment in {echniques and resulls over that available
previously.
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A second point is that the laser intensity is not con-

stan’ with time assumed in this calculation, One has
to take into account the time variation of the laser

pulse, We are working on this.

So far I have discussed what we think we understand.
Now, 1 would like to discuss one of he things we don't
understand. This has to do with the problem of initia-
tion of the growth of ionization, Before Ido that, I
would like to show a typical laser pulse and an obser-
vation of breakdown.
On the left of Slide 5 is shown a photographof the laser
output as taken with a diode and oscilloscope with a
two~tenths nanosecond time resolution, A typical
laser pulse in our experiments has a half width about
50 nanoseconds.

On the right-hand side of Slide 5 we have shown the
effect of breakdown on the laser energy {ransmitted
through argon. Argon is one of the gases that shows
the sharpest onset of breakdown, I is indeed quite
sharp with this time resolution. In some gases, such
as helium at atmospheric pressure, one has a great
deal of difficulty observing the absorption.
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This slide Is of significance in showing [irst that we
do have the alility to measure the time required for
breakdown to vccur and, secondly, we do have the
difficulty of multimoding in the laser. This also
shows up in a very horrible spatial distribution of in-
tensity. Waynant.and Ramsey have taken pictures of
focal spots using XR film. I these are printed on
high contrast paper, the pattern looks like a nebula
or something. It's just horrible as far ac analysis is
concerned. I hope that some day somebody can come
up with a technique for producing a more uniform
spatial distribution.

Optical data on breakdown times is shown in Slide 8.
Here we plotted the time required for breakdown as
a-functionof the laser energy. The total laser energy
is also a meusure of the peak intensity of the laser,
since the hall width of the pulse is fixed. The tinie
shown here is arbitrary in the sense that zero is de-
termined by the synchronization of the oscilloscope.
The important point is that breakdown may occur he-
tore or after the peak in the laser pulse. On occasion
one gets a breakdown at times as large as 180 nano-
seconds, The threshold is determined then by finding
the minimum intensity or minimum energy which will
lead to breakdown.

. The data of Slide 6 also shows the cffect to the appli-
cation of a de field across the breakdown region. Wefind
athousand volts appliedacross about a centimeter anda
halfat atmospheric pressure hasno effect. Thisis the
kind of data that one needs for comparison with theory be-
cause it can be compared with the caleulations that
were shown previously in Slide 4.

Now, a rather significant point to be raade on the basis
of the data of Slide 6 is that if one considers a given
laser energy, the spread in breakdown times is
rather small, T'3s, we feel, is ecvidence that the
initiation of the discharge is the resull of a direct
interaction of the laser energy with the neuvtral par-
ticles presumably multiphoton ph »ionization of the
main gas or of impurities. One ¢ account for a
portion of the scatter which one sees in Slide 6 on the
basis of the nonuniform and nonreproducible laser
patterns discussed previously. However, some of
the spread is probably due to statistical effects to be
discussed below.

Note that I do not believe that multiphoton processes
can account for the bulk of the ionization. I don't
think there is a factor of a hundred error in intensity
as proposed recently in Physical Review Letters by

Gold and Beeb. They proposed that all of the observed
ionization was due to a multiphoton process and ihat
the reason they didn't get a check between this theory
and the experiment was that the experimental meas-
urements of peak intensity were oft by a factor of a
hundred due to noianiformities. There may he fac-
tors of two error .+ the peak intensity.

Finally, on Slide ¥ I would like to try topresent some
of the argur:ents whicl. lead to a prediction of a nar~
row spreac in breakdown time when the initiation
process is a nonlinear, or direct one. At the top of
the slide the solid line irdicates an idealized schematic
of the laser infensity as a function of time, If we
assume that the initiating electrons are produced by
a multiphoton process, then the probability per unit
time of producing such an electron will vary as
some high power of the laser intensity. This leads
to a probability per unit time cf production of inilia-
ting electrons, such as indicated by the broken curves
in the top graph.
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The remaining two drawings on Slide 7 are .ntended to
show what one prediets for the probability that the
initiating electron will be produced at a certain time
during the laser pulse. If the growth required zero
time, then this would be the time of breakdown, For
the present we will assume that this is a good
approximation.

At the lowest intensity the integral under the curve of
prevability of electron production is unity. In other
words, on theaverage the laser produces one initiating
electron. In this case we find that the proebability of
breakdown after time decreases with increazing time
and levels off at about 0.6 as shown by the : .iddle «et
of cerves., In other words, about a third of the time
one doesn't see breakdown. If the laser intensity is
raised by something like twenty percent, about five
electrons.are produced per pulse. This gives a rather
sharp decrease in the probability of initiation after
time which occurs near the maximum of the laser
pulse. If the laser energy is doubled, about two thou-
sand elecirons are produced per pulse, and the curve
representing the probability of initiation is shifted to
eavlier times.

The derivatives of the middle curves give the proba-
bility that initiation will occur between t and t plus 4 t
and are shown in the lowest set of curves. From these
curves we predict a rather narrow spread in the time
of initiation, i.e., some five nanoseconds in the case
of our ninety nanosecond half width laser pulse. The
time required for the growth of the ionizationhas to be
added onto this time to find the time of breakdown;,
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Dr. Haught raised the question of the statistics of the
growth of ionizalion. We have investigated this using
somewhat simplified models for the {ree-freeabsorp-
tion and the electros nollision cross section. It is our
conclusion that although there may be a large statis~
tical fluctuation in the time required for one clectron
to gain enough energy to ionize, the face that the ava-
lanche consists of aseries of about 30ionization events
reduces the fluctuation in the breakdown time consid-
erably., In the case of helium one might expect as
muchas twenty percent fluctuationin the time required
for the electron density to grow to the value required
for the observation of breakdown, This value is prob-
ably too large because it was based on the time history
of a single electron and does not take into account the
averaging efflect of the large number of electrons
produced in the latter stages of the avalanche. So 1
think the statistical effects in a gas like helium will
in the growth be smaller than, say twenly percent,
In.a very low ionizalion potential gas using ruby, they
could be quite large. :

We have investigated a number of other problems, but
I won't have time to discuss them in detail here. We
have investigated the effects of transientson the elec-
tron energy distribution function. I mentioned that
we had investigated better solutions of the diffusion
equation and that we had obtained evidence for non-
linear ionization of excited states. This broadening
of spectral lines by the laser is very important when
one considers the amount of light emitled by the
plasma while the laser pulse is on. If the laser re-
duces the excited state lifetime .of about 10-10 sec
then the amount of radiation emitied in the normal
radiation process with a lifetime of, say, 10-9 sec is
reduced by some four orders of magnitude.

Another interesting nonlinear effect is that in air at
high pressures, one observes an absorplinn of the
“Taser cnergy which is a cumulative process. This
process is in addition to the breakdown process.
Breakdawn occurs at higher power levels and under
these conditions produces a much sharper decrease in
transmitled intensity, One possibility is the produc-
tion of an absorbing species by the laser. I should
point out that the experimental work by Waynant and
Ramsey and the initial phases of the theoretical work
were carried out under Contract AF30(602)-3332 with
the Rome Air Forcc Development Center,

MODERATOR BYRNE: Any questions?

DR, FRED McCLUNG: A question on the broadening
¢f spectral lines. Areyou looking at the spectral lines
uring the emission process that occurs as the result
uf the ionization, or are you somehow or other trying
w0 do this by excitalion or some other meins?

DR. PHELPS: We used an IT & T diode to observe
the output of a spectrometer. At the center of the line
one finds that the lightoutputbuildsup during the laser
pulse and then decays slowly with time., When the
spectrometer is shifted 50 A the amplitude is x;educed
but the time dependence is unchanged. At 100 A from
the line center the inlensity drops off with the laser
pulse. The experiment that we would like to do in-
volves a smear camera picture of the vuiput of the
spectrometer as a function of time.

DR. McCLUNG: It sounds like you have a black body
continually running during the laser pulse itself,
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DR. PHELPS: If the spectrometer is set a few hundred
Angstroms from the center the intensity is very smail.

DR. McCLUNG: There are still a lot of questions,

DR. PHELPS: That's why I say it's not publishable
today.

DR, McCLUNG: Tell me more about your laser later,
and I will see if I can offer a few suggestions.

DIt, PHELPS: This particular laser represented the
stzte of the art at the time the project was started,
bu. certainly could be brought up to date, However,
seme development would be necessary to oblain a

daesirable paitern.

DR. CULVER: This absorption at high pressures in
air apparently takes place when you do not have
breakdowns. s

DR, PHELPS: Rigit, prior to breakdown. If you
raise the laser iniensity slightly higher the trans-
milted intensity would show a typical breakdown

dropofi.

DR. CULVER: This corresponds to an avpreciable
absorption out of the heamin the small volume of the
focus, and would apparently give rise to”an increase
in pressure that United Aircraft would measure on
the manometer, for instance. This goes actually to
heating the air in that region, is that right?

DR. PHELPS: So far as we know. This is an obser -
vation which we cime across when we were looking
at the -~

DR. CULVER: It's not the scattering of the beam?

DR. PHELPS: It could be. We did not have sufficient’
money to investigate this effect further.

DR. CULVER: The way your drawing corresponds lo
thousands of joules per cubic centimeter.

DR. PHELPS: It'sahichintensity, there's no question
about it,

DR. HAUGHT: In onc of your slides you showed a
substantial tinie delay between the start of the incident
giant pulse and the initiation of the breakdown -- a
delay which you attribute to a wait for the first clec-
tron to be produced by a multiphotonprocess involving
eithcr the background gas or impurities,

DR. PHELPS: Yes, vouare referring to the last slide
on which the resuits of our theoretical calculations
were shown, They indicate that when the laser inten-
sity is low enough there can be an appreciable delay
due {o the requirement of producing the first electron.
There 17, in fact, some very indirect experimental
eviden  that this may be occurring for breakdowns
at high gas pressures and low laser intensities. The
whole problem of this nonlinear process is that we
have no idea what species are involved,.

DR. HAUGHT: That is correct, In fact, that is pre-
cisely the point I wish to make iere. At atmospheric
pressure, there are present in the Ioc% region where
the breakdown first develops some 10'° gas atoms.
The gases used in the experiments. have purities no
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better than one part in 106, and, therefore, withinthe
_breakdown volume thereare some 109 impurity atums
~ which may include a substantial fraction of wasily
ionized sodiumatoms from fingerprints, perspiration,
or other contumination sources.

We have carried out some experiments in which a co-
balt 60 radiation source wasused lo irradiate the focal
region under circumstances which would produce a
quantity of initial electrons within the focal regiun. In
these experiments, we found that thecoball irradiation
had no elfeet whatsoever on the time delay required
for the development of breakdown. This indicates that
the gas had selecled [or itself a reaction process both.
for producing the initjal ionization and initiating the
avalanche and that the presence or absence of a few
additional initial electrons introduced by the cobalt
radiation source made no difference whatsoever.
These results indicate that the formationof the initial
electron is not the rale hmiting siep in the development
of the breakdown. Sufficient impurities are present
fo provide the inilial electrons required for the ava-
la; wh@ process.

DR. PHELPS: That is why I claim we will never
understand this process until we put in a mass spec~
trometer, which is what we would like to do.

DR. MEYERAND: Iwould like to make a couple of
comments eraphasizing in particular the areas of
agrecment between the Westinghouse work and that
carried ont at United Aircraft. First of all, we are
agreed that an avalanche process involving electron=
atom ionizing collisions is responsible for producing
the bulk of the innization. This isin distinction to the
views of some who are still adhering to the direct
mechanisms as Dr. Phelps calls them. We feel, as
do the Westinghouse weople, that the great bulk of
data favers the eleetron impact cagmde mechanism.
This i tmportant i predictng the vate of build up of
the ionization. Secondly, we [feel that an atom is
rapidly excited by photoexcitation and photoionization
processes after il has been raised to anexciledsstate.
‘This too is important in predicting the rate and mag-
nitude of the ionization occurring. Thirdly, we feel
that the question of where the first eleciron arises
is as yet an unresolved problem. Dr. Phelps has
tried to remove any residual electrons present in the
gas and has observed no effect on the ionization time
delay. We have performed experiments in which we
produce an initial ionization in the gas by a radioactive
sourcé” In these experiments again no effect on the
breakdotn is observed. We alsoagree that when the
electrons in the breakdown region are hot, that is
have an energy in excess of the energy of a photon of
the applied field, the balance of photonabsorption and
emission processes gives an cnergy gain rate by the
plasma that, as Dr. Haught said, relates very closely
to that predicted by the classical microwave picture.
For low clectron energies, the stimulated emission
process cannot occur and the absorption may be quite
high, much larger than that indicated by the classical
microwave picture. Since for many plasmas of inter-
est the electron temperature is low, this large inter-
action cross section can be extremely important in

determining the absorption of an optical beam and is,
in any case, ofbasic theoreticalimportance in under-
standing the interaction of optical radiation with
plasmas. In think that at least on these points we are
in agreement.

DR. PHELPS: Iwould like tocomment on Dr. Haught's
remarks concerning effects to be observed when the
electron collision frequency is approximately equalto
the angular [requency of the radiation. On the basis
of microwave theory, one predicts an increase in the
field strength necessary for breakdown at high pres-
sures. It has been pointed out to me by Holstein
(whom you will recognize as my chief mentor in this
buisness) that when one gets to this high gas. density
region and one has to worry about quantum cifects,
then one is lost. Because what one is asking for is a
quantum transport theory for hot electrons. At pres-
ent there is no useful theory. The difficulty arises
from the fact that in this regien we are dealing wilh
multiple collisions in which the electron wavelength
is-comparable with the space between atoms.

This means that, conirary towhat I'have seen insome
reports, the increasing threshold with density pre-
dicted by the microwave theory is not an indication of
error in the microwave theory. It is probably the
only thing we have now thai will even come close to
predicting what will happen in these high densities.
This failure of present guantum theories to predict

this effect should be regarded as a deficiency in the

quantum theory.

MODERATOR BYRNE: Any further comments?

DR. DAW: I wondered, what about the initial emis-
sions {rom the breakdnwn, particularly in the ultra-
violet region, the photographs I believe that Dr.

Haught was speaking about in which he showed the

p 3 Taven Lararan 1l Jananlrdas
emission eoming from the breakdown .u:bxuu

DR. HAUGHT: Thatwas in the --- Wehave not made
measurements in the ultraviolet.

DR. DAW: Then both, I think, indicated they ‘had
current collectors on the device. Did this mike any
difference in the breakdown when you were pulling
electrons out?

DR. HAUGHT: No, I should have mentioned thut we
made these measurements with the electrodes. There
were potentials on the electrodes actually drawing the
current, and without the electrodes there, all in pre-
cisely the same cell, we found no difference whatso-
ever in the breakdownthreshold inany of these cases.

It would be very easy to be just a little bit sloppy and
have the laser beam hit one of the electroties inwhich
case the presence of that first electron I don't think
would be subject to any doubt whatsoever. This was
not the case.

MODERATOR BYRNE: Coffee isavailable in the back
of the room. Let's try to start again in ten minuces.
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MODERATOR BYRNE: Now we will leave the subject

af gasbreakdown andpgu to refractive index variations .
within the laser material. This work will be pre-
sented by Dr. Izatt and Dr. Daw [rom New Mexico
State University.

DR. J. IZATT: We are in the process of making
measurements to determine the effect of optical
pumping on optical dispersion in the immediate
vicinity of the R1 line in ruby..

An obvious first step in doing this is to determine
the anomalous dispersion for an unpumped simple.
We had expecied that when we attempted to do this,
we would find close agreement with weil-understvod
physics. We find, however, that our results are a
little bit unusual in at least two respects. We would
like to describe our experimental procedure in some
little detail, and then show results for the wnpumped
sample in the hopes that you might be able to offer
some cogent suggestions in the interpretation of this
data or indicate places in the experimental procedure
where you think uncertainties might be present.

I am going to talk about the experiment, and then show
you some data about the temperature shift of the
output of ruby laser at liquid nitrogen temperature,
and then Dr. Daw will talk to you about the index
measurements on an unpumped sample.

In our experiment we are interested in determining

index variations interferometrically, that is, by
meaguring {ringe shifts in an interferometer. The
equipment is shown schematically in slide one.
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We have two parallel optical channels. We have two
lasers, a ruby laser and a gas laser, euch of which
illuminates two Fabry-P -of interferometers. The
beams from the sources are directed by folding mir-
rors, so that a porticn of eachof themis incident on
a high quality reference interferometer and also on
a Fabry-Perot etalon. This etalon consists of a ruby
cylinder one centimeter in diameter and one centi-
meter in length,

The ruby laser is housed in a cavity in such a way
that it can be ceoled to liquid nitrogen temperature.

It has a heating coil associated with it, so that we
can vary its temperature over a ramge around liquid
nitrogen temperature. We zlso pump un the liquid
nitrogen in order to achieve temperatures lower than
77 degrees. ‘The temperature of the source laser is
measured by means of a thermocouple. The ruby
{eself is clamped into a copper rod which communi-
cates directly with the liguid nitrogen.
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daced vy it.

The sample ruby is also housed in a pumping cavity,

and it is also cooled to liquid nitrogen temperature.
There is also a healing coil associated with it, so:
that the sample ruby can be varied in temperature.
In this case the ruby itself is housed in a sapphire

holder, a little spherical holder, which in turn is

clamped into a copper rod that communicates directly

with the liquid nitrogen.

The procedure for gelting data is to illuminate the
interfercmeters with the gas laser. This forms a set
of fringesinboth of the interferometerswhich are re-
corded on film. We then flash the ruby laser and get
a second set of fringes in each interferometer. By
varying the temperature of the ruby source we scan
the source temperature in small steps {rom well
below to well above the sample temperature. From
the reference interferometer we gel informaticn eon
the wavelength shift, and {rom the ruby etalon infcr-
mation on wavelength and index shifts. We use coni~
cal Fabry-Perot {ringes which were described some
time ago by Tolansky. 1 mstead illuminating the
interferometer with diffused light from a collimated
beam one has a divergent beam incident on the inter-
ferometer. By this meuns the hght can be concen-
trated into a predetermined number of fringes near
a2 nenter of the pattern. We illuminate essentially
half a dozen {ringes with the light, The interferom-
eter is followed with a lens and photographs are made
in the focal plane of that lens. We then have fringes
whose spacing obeys the normal Fabry-Perot inter-
‘2rometer rules, We use a two-meter lens foliowing
the etaion so that the positioning of the photographic
plates in the focal plane is ~t overly critical, and
we get good magnification.

The output of the ruby laser is polarized, and we
find that upon rotating the sample we get significant
variation in the quality of the fringes that are pro-
TWormally, we align the sample so that
it produces the best quality fringes. We have a pair
of quarter-wave piates associated with the gas laser
so that we can rotate its plane of polarization until
we get optimum Iringes from it also.

PROF. SCHAWLOW: What is the orientation of the C
axis of the sample?

DR. IZATT: I is normal to the cylinder axis,

PRO¥, SCHAWLOW: Do you know how it turns out
whenyou make the adjustment for best fringe quality?

DR, IZATT: Yes, it turns out that the polarization

of the laser is paralle] to the C axis. We will show

you some data in a few minutes that sliows the differ-
ence upon rotation of the plane of polarization.

PROF, SCHAWLOW: That may account for your
weak effects.

DR IZATT. Yes, we wili get to that very shortly.

I beljeve the first thing, then to be described in
further detail is the wavelength shift with tempera-
ture. Each time we make an exposure it is a double
exposure on each plate. From successive exposures
through the reference channel we get a wavelength
shift associated with whatever variation in tempera-
ture there has been at the ruby source,
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The next slide (Slide 2) shows a typical plate photo-
graphed through lfue reference interferometer at
liquid nitrogen temperature, The centralmest fringe
is a gas fringe; note that it is doubled. The other
gas fringes can be identified by this doubling. In be-
tween successive gas fringes there are four compo-
nents representing the output of the ruby laser.

86.
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Two of these renresent the ground state splitting
in the ruby laser, thatis, they are separated by
0.38 wave numbers. In making a ty~ical set of
measurements, we take densilometer traces in
four distinct directions across the plates, and
we average the radii that are measured in these
directions.
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As you will recognize, in a Fabry-Perot patlern, if
one takes the squares of the radii of the successive
rings, then the difference in the squares shouls be
constant throughout tiie pattern. If one then divides
the square of the radius of a Siven ring by the differ-
ence in the squares of the radii of successive rings,
one gets a value for the fractional ordee number in
the center of the pattern. This procedure can e re~
pcated for each ring. We get averages over four dif-
ferent directions of scan, and then over five or six
fringes to compute the fractional order number at
the center of the pattern. Never in the experiment
do we make 2 measurement of the total order number
at the center of th2 pattern, which is of the order of
50,000. We measure only changes in the fractional
order number. This lends some ambiguity to the
interpretation of our data that will be brought out
later.

Slide 3 represents a similar exposure, but taken now
at dry ice temperature. Therc are probably twenty
compuneniy in the laser -output. It was operated as
close to threshold as possible; however, threshold
was 7% higher than at liquid nitrogen temperature.
In making the wavelength versus temperature mea-
surements, we simply took the center of gravity

of all of the fringes.

May we have shide 4, plegse?

As lar as the temperature measur.:2ments are con-
corned, the data is summarized here.
zbout 200" K was reported in 1961 hy Abella and
Cumminu. © The wavelengths are plotted as a Iune-
tion of ruby temperature. This work was dnne pri-
marily above room temperature, but they also had
points below room temperature which scatiered
rather widely. These were ohtained by actually
dipping the ruby into liquid nitrogen, then reoving
it from the nitrogen bath, and putting it back into the

3 > R ¥ S Y
o - pumneavile and exeiting it

The group of points, circles around 100K, represent
points that we have measured. In the case of the tem-
perature measurements, there is no ambiguity in
assigning the change in erder number from one ex-
posure to another. That is to say, if one considered
other possible assignments than the one we have
made, even those closest to the ones that have been
made here, would either resull in a slope to this
curve which is even larger than the slope at room
temperature, or in a negative slope. There is thus
a completely resonable criterion for assigning order

The data above
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aumber changes. The other data repruesenied by
circles was obtaived at dry ice temperature.

I both cases we don't have 2 fix on the actual wave-~
length, out only on the difference in wavelengths
between successive poirts. However, it has been
measured by many people that at liguid nitrogen tem-~
peratare the line occupies a position very close t1
6934 angstroms., We have simply fit a smooth curve
thut fits the curvature of our measured points in both
or the regions., The remaining data points were
measared by Gibson3 fifty years ago.

Slide 5 simply represents an expansion of the scale

in the liquid nitrogen region where the waveleagth
units are now a tenth of an ngstrom, and shews the
Rind of scatter that occurs in our experiment, The
circles and crosses represent tie data from which
wavelength positions were determined in order to
evaluate the index shift datathat we are going to show
~~u in just a few minules. As ycu see, they follow
pretty consistently. We have wondered some if the
fine structure in this curvehas any significance, The
black dots that scatter out further are from.a different
set of data in which only a single pair of componernts "
was present, that is, z single longitudinal mode of the !
ruby laser. The fringes were so wenk that the posi-
tion measurements on the fringes became very un-
certain, and we got a consideable amount of scatter.
Those points represent the worst scatter we have
seen, The total number of points on this graph, each
one of which represents a photographic plate with the
averaging that T indicated before, is about 1/5 the
total peints obtained. ~ They all fall along this same
general curve very closely.

Slide 6 is simply an expanded picture of the region
around dry ice temperature vhere we have fewer
measurements, but orice again it gives indicai“ch of
the agreement behgeen the points,

Now I want to say just one mox e wosd alsout the ordur
number assignment. The problem in louking ak the
fringe patteras is that we simply measure the change
in fractional order number irom one plate to the next,
and there rmay he integer changes in order number

as well. In principle, it might be of almoust any
magritude. It's perfectly clear in the case of the
temperature data that the assignnent we have made is
the only reasonable one. FKowever, this represents
somewhat more of a preblem in ti.e case of the anudy-
sis andinterpretation of the index shift dzta, and Iwiil
.8it down now and ask Harold Daw to taik about that.
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PROF, HAROLD DAW: I believe it would be appro-
priate before discussing the experimental results to
sketch on the board the temperature scales with which
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we are dealing, the wavelength shifts with which we
are dealing the positions of the lines, and the line
half-widths,
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The ground state splitting is about , 38 wave numbers
or . 18 angstroms. The width of the lines, is about
.1 angstrom., Our "spectrometer' consists of the
ruby laser line in which the wavelength shift mecha-
nisni is the tenperature change, The laser line it-
self has a half-width, somethiug less than . 01 wave
number,

1t is probally not »ight to say we have scanned {rom
exactly 6933.9A 1> 6934, 5A, We have scanned from
63.5"K to 101, 9°K, and since the sample may be at
some sligbt'y different temperature than the center
temperatui . of our ruby source, the wavelength re-
gion scann.d could be slid back or forward a few hun-
dredths o/ an angstrom.

Dr. Iza‘t has mentioned the problem of order assign-
ments which, in the case of the reference interfer-
ometer, was not difficult to do.

In the case of the ruby, we do not really krow what to
do in terms of order assignment. If you argue that
you are in the vicinity of rapidly changing index, itis
conceivable thai [rom one picture (o another you may
change ten order numbers, plus a fraction of anorder
number,

This is a problem that is not altogether ambiguous
vecause we have measured many points, and have
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many {ractional orde: number changes, and the tem-
perature intervals are not all equal. They are about
2°, but they are not all equal. If one were supposing
they had large order number chunges in addition to
fractional order number changes, then the fractional
order numbers should scatter badly, This is due to
the fraction on the large order number change, which
would go with different size intervals, We do notfind
that we have large scatter in the points, and therefore
must assume that the order number shift is small,

e have mounted our ruby sample in two differem
polarizations, and scanned the same region in the tw.
differevt polarizations, ‘This aids. in assigning order
number.

The two lines shown in slide 7 scan the region. In
places the R1 (3/2) line will overiap the region which
has been scanned by the Ry (1/2) line, and so weknow
that the order number assignments on one must agree
with the order number assignment on the other.

If I could have the next slide, please.

These are not the pictures Dr. izatt talk-d about
which were taken with the reference Fabry-Perot,
These are Fabry-Perot {ringes through our ruby
etalon. We get fine fringes, but they are of relatively
low quality compared to these obtained in the reference




interferometer. As an indication of this you can see
the ground s..te splitting, but the lines are fuzzy.

The order number assignment is similar to that shown
in Slide 2. However, the longitudina} modes are not
resolved. -

The numbers on the left are the temperatures at which
the photographs were taken, and the niimber: on the

- right indicate the number of joules that wer¢ put into
the flash lamp. Several fringes were measured in
several different directions to obtain the data that
were then used for the next step.

o

One thing that I want you to notice is that you always
have fringes. Nowhere are the fringes suddenly get-
ting broad and spreading out, yet it is obvious from
Slide 7 we should be somewhere in the regions of the
absorption lines. The absorption coefficient reported
for liquid nitrogen temperature, and we are indebted
to Prof. Schawlow 4 for this, iz on the order of
10em~1. He tells me there is something more recent
in the Journal of Applied Physics that we have missed
which reports something like ten per centieter also.

If we have a coefficient of absorption of ten per centi-
meter, I believe the numher given was thirteen, and
our sample is a centimeter thick, the first beam is
attenuated by e-10, The second beam must go back
through the ruby to the other side and be reflected and
come back across, which means it will be reduced in
intensity by e-20 relative to the f1#'st beam, and one
will not get very good addition in this case. One
would suppose that niot only would the fringes be dim,
but that they would be washed out since only the ini-
tial path would be there, if any at all.

Let us see Slide 9.

Along the ordinate is the order number assignment
which we have taken. The changes in wavelength are
plotted on the abscissa. There are several sets of
data on this slide. The crosses are associated with
one of the fringes, and the circles are associated with [
the other fringe resulting from tI~ ground state split-
ting. The set of data consisting of crosses which. sort
of wiggles is associated with one orientation of the
ruby, that is one polarization orientation of the C
axis of the ruby. The other set of data falls very
nicely in a straight line.
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The order number shifts are small as pointed out
earlier. The order numbers either increase or de-
crease. We have assumed the order number increases
by an interger plus a fraction. This results in the
smooth curves shown in the slide. Excuse me. Dr.
Iza* have I said something wrong?

DR. IZATT: Its not 2 whole order number 1tticrease.
Its a larger change between successive points than if
the order number were allowed to decrease. But he-
tween successive points it is less than a whole order
aumber change.

PROF. DAW: We have the [ractional order numbers,
and we either take them down or up.

DR. IZATT: That's right.

PROF. DAW: Since the measured f{ractional order
numbers generally decrease, a shift up is larger than
a shift down, but both are less than a full order num-
ber shift. Since the region scanned by the two lines
overlaps, both sets of data must match up. When we
sign order numbers such that they do match up, we
ovserve these two curves, andthey match up smoothly.
If we wereto assumethat the order rumber decreased,
the curyes would go down. In this case, they do not
match. Therearesomas jogs that simply do not match.

If we assume that it changes by a litlle more than an
order number going down, the curves again de not
match. We have made no oth~r assignments. We do
nct suppose there nre two order changes, since by the
time you get two i rder number changes, the differ-
ence in intervals should be enough to begin to produce
considerable randomness in the points, and we do not
see that.

There is a problem here. This assignment gives o
slope up towards longer wavelengths, and that'sa

little disturbing. R

Now, may I have the next slide?
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We have taker. che difference between the two curves
on glide 9, and this, is the difference in those curves.
We assume that in the polarization where the lines are
weak, we are having no effect from the lines and in

the other polarization wh.ere the lines are stronger,
we are seeing an effecr. What is left is the effect of
the absorption line.

Dr. Izatt has plotted some index of refraction curves

to compare with the data. The curve in the next slide
is the sum of two dispersion curves for a pair of lines
separated by . 38cm-1 and half width of 0. 1A, This
does not represent an attempt to fit the data quanti-
tatively but only to check the general qualitative form.
And, 1 believe that's the last slide. These are the
points which you just saw on slide 10 plotied aguinst
the sum of the two refractive index curves.

I suppose there will be some questions about that. 1
will give you an opportunily {o ask those in a moment,
I would like to point out that we are not through with
this work, but there seems to be at least qualitative
agreement.

We can answer the .question about the ambiguity in
order number by changing our temperature intervals
and making them smaller. This should settle the
question of whether we have whole order number
changes or half-order number changes.

It will not presumably settle the question of whether
or not we can propagate coherent laser radiation
through the middle of this strong abscrption. We
apparently can, unless one wishes to argue that we
have missed the line entirely.

There are some alternate explanations to why we do
not observe the strong absorption besides missing
the line. We could possibly be bleaching the sample,
particularly if we had to bleach only in the very nar-
row frequent v region where the laser line is located.
In which case the light could get through. The rest
of the line (unhlonnhnd) contributes to the indox var-

iation.

Since the lifetime for the ruby stale is onthe order of
ten to the minus three séconds, we have supposed that
the light the light may go in and be absorbed, and
then simply be stimulated out colierently with the
incident radiation.

However, every photon is absorbed with an absorp-
tion coefficient something like ten per centimeter,
essentially ten times in traversing the ruby once.
This means many absorptions and reemissions will
occur. The probability for stimulating a photon out
of an excited state is a good deal less than the pro-
bability for its being reabsorbed. This question, so
far as we are concerned, is not answered.

We would like to get the index of refraction curves
for the unpumped sample and for the sample as the
population is changed by pumping. Dr. Izatt didn't
mentlon this, but the sample is mounted in its own
pump cavity with a flash tube.

The ruby sample in addition to passing ruby light
from the source, will produce fluorescent radiation.
Fluorescence radiation will fog the film. We have
been controlling the pump ligiit and filtering to see
that we don'i get enough fogging Lo spoil the fringes,
7 have brought along prints of two pictures. (Prints
not reproduced here.) These happen to be poor be-
cause we had just started the reallgnment after put-
ting in some ltght fraps at the ruby faces, so the
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{ringes are not centered. They are not equally in-
tense, but one of these shows the fringes taken
through lhe unpumped sample, and-the other shows
{ringes taken when the sample is pumped about as
hard as we will ever pump it. Thus, we have as
much fluorescence as we expect and as much back-
ground radiation. You can tell very little and I don't
want to draw any conclusions from these pictures,

I think if you will look at them you will see that in
fact the fringes have been shifted siguificanily by
the pump radiation, both in shipe and in general
quality.

MODERATOR BYRNE: Any questions or comments?

PROF, SCHAWLOW: That bleaching suggestion
sounds reasonable to me, Haveyou made quantitalive
estimates?

PROF. DAW: We have not made good quantitative
estimates, but the reflectivity on the surface of the
sample is about 99 percent, and very little of the
radiation enters the cavity. Heowever, for those very
narrow directions al whichit does ¢o into the sample,
it enters very well because you get complete trans-
mission where there is coherent addition.

DR. McCLUNG: Are these temperatures that you
quote here the starting temperatus 2 prioy to firing

the flashlamp, or the terminal temperature at the end,
or whal? How are they related Lo the actual tempera-
turc at the time that {he ruby is running as a laser?

PROF. DAW: These are the temperatures prior to
the flashing of the lamp.
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DR. McCLUNG: In other words, the actual tempera-
ture may be as muchas thirty or forly degrees higher:

PROF. DAW: I would be very much surprised about
that, because we would then oxpect some kind of heat
pitlse to come up past our thermocouple which we
would see.

DR. McCLUNG: Then the thermocouple reads the
same temperature at the end?

PROF. DAW: Yes. In our geometry tn/_,/ ruby is fas-
tened into a copper rod, and the thermocouple is lo-
cated also in the copper rod.

DR. McCLUNG: Yes. And the thermocouple indi-
cates, say 63.5 degrees.

PROF. DAW: Yes,

DR. McCLUNG: Iam familiar with the system here.
The thermocouple indicates 63.5 Kelvin prior to the
time that you fire the flash. Now, what is the tem-
perature of the system as you read it on the thermo~
couple after, I mean as soon as you can observe it
after the process?

PROF. DAW: We don't observe any tempcrature
shift.

DR. McCLUNG: In other words, the copper remains
thermally locked to the nitrogen bath, but I don't be-
lieve the raby does.

PROF. DAW: Well, the ruby has a better conductiv-
ity than the copper at liquid nitrogen temperature.
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DR. McCLUNG: It has a very low heat capacity, and
it has a very bad thermal contact with the copper block.
Data that has been presented it numerous ocher places
indicate that in the temperature range between helium
temperature and somewhere above nitrogen tempera.-
ture, that it's not at all unusual to see temperature
excursions of forly degrees or fifty degrees Kelvin in
the ruby, actually, itself, and this is determined by
absolute wavelength measurement as compared with
fluorescence emission wavelengtn,

You know that the fluorescence emission can at least
be tagged very well to temperature, but you don't
know what the temperature of the ruby is al the time
that you laser, and so you can actually measure the
temperature of the systera by using a high resolution
spectrograph tn locate the center of the line, and
thereby identify with no ambiguity at all what the tem-
perature is, and, therefore, the wavelength of the
system is.

PROF. DAW: If you actually immerse it in a fiquid
nitrogen bath, I would argue you also do not know the
temperature of the ruby for the very same reason
that the heat is delivered inio the raby, but the heat
pulse usually sets in at some time delayed relative to
the flash. -

PROF. SCHANVLOW: Could I make a comment on it?

We have some time ago made some measurements on
the ow put wavelength of a ruby under pumping condi-
tions, and we found that when we cooled it, why, by
clow ing cold air on it we could never get it down to
the temperature of liquid nitrogen. That is, when it
lasers, it's always above that,

The wavelengths, this is wavelengths shift, if we im-
mersed the ruby in the liquid nitrogen and didn't hit it
too hard, thenthe wavelengths would be the same wave-
lengths as we got in low energy [luorescence.

There is one point that I would like to mention without
commenting as to whether you actually do or do not
have a temperature shift, I don’t know. There is the
interesting point which you will find in the literalure,
that the shift in the line positior from absolute zero

is quite closely proportional to the total heat absorbed.

In olher words, at very low temperatures the specific
heat is small, and the shift per degree is small. At
higher temperatures tne shift per degree is larger,
but with the shift per calory is constant.

DR, SOULES: Don't you cross-check wavelength shift
in the Fabry-Perot aione against the etalon?

PROF. DAW: We have this checked; and the tempera-
ture dala which we gave, which fits rather nicely,
would seem to indicate we do tol have thal large ex-
cursion. Furthermore, the entire scan interval is
about forty degrees.

DR. McCLUNG: Yes. So I typically monitor temper-
ature in the system that I work with which isn't that
much below room temperature, and see temperature
excursions of the order of the magnitude of ten de-
grees, I might add at relatively low pimping powers.

MODERATOR BYRNE: At what pump power?

PR, McCLUNG: Of the magnitude of 500 joules in

input energy.

PROF. DAW: Ours are almost always under 400 -
joules.

DR. QUELLE: As I recall the curve you had of the
anomalous dispersion there, the two peaks on the
anomalous dispersion ware separated by a small frac-
tion of an angsirom, is that correct?

PROF. DAW: Yes.

DR. QUELLE: Cuuld we have that one? Slide 1.

The point that I am getting at is it is my understanding
that the anomalous dispersion will peak at the half-
widths of the line, whichwonldcomply witha rather nar-
row line, more narrow than I had been led to believe.

DR, IZATT: This is the composite ~f two lines,
which are separated by 0. 38 wave numbers, and cach
of which has a half-width of a tenth of an angstrom.
Yeu can see the two index curves that came through
from the construction down there in the bottom half.
You will notice the peak points are in each case
separaled by twice the half-widths of the line: the
composite curve now has the bumps, as you call
them, which are separated by the smaller amount.
It is a broadening effect when the two go together.

Incidentally, we ne -er use a temperature measure-
ment in reducing any of thedata. We use the wave-
length shift that comes from the Fabry-Perot inter-
ferometer exclusively. As I pointed out, il we
assigned any whole order number shifts there, we
would get either a slope to the wavelength-shift-
versus-temperature curve, which is even greater
than it is at roon) temperature, or one which was
negative.

I think there is no ambiguity there, whichonce again

. . argues that the wavelensth shift that we put in here

.is pretty reliable.

PROF. DAW: I don't know whether it was pointed
out or not, but this is in a vacuum system. We were
not dangling it in air or something.

DR. McCLUNG: Oh, no, it's just a problem which
has beer observed by other people, that when you
try going down to these low temperatures, and . .n
you pump the laser systeny itself, the laser crystul,
it takes a certain amount of energy just to invert the
populations, and then you can calculate the energy
that is put into the lallice to just invert the popula-
tions, and this doesn't turn out to be & fantastic
amount of energy. It only causes lhe temperature
change to the order of magnitude of vhree or four
degrees, around three or four degrees.

Then you throw in a few other factors to account for
the fact that not all of your pumping is in the green
band, and you can find --

PRGE. DAW: This is why I point out that the tem-
perature inlerval is not tixed relative to thesc lines.

DR. McCLUNG: Yes.
PROF. DAW: It can be slid to the right or left,

DR. McCLUNG: Depending upon the systen, why, it
could be slid by quite a bit, or il could Is¢ bicaching,

~ either one, too.
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PROF. DAW: Yes. I would think it would be very
unlikely that we were shifting sufficieutly to miss
the lines.

DR. CULVER: Why isn't the output wavelength quite
as well defined by the cavity ¢~ sions of the laser?
It's the output -- A

DR. IZATT: No. The point is that it is well defined
by the other interferometer measurement. Ibelieve
the argument that Prof. Schawlow was making just a
minute ago indicates that the curvature of this wave-
length versus temperature curve should go roughly
as T4m and a T4 curve is essentially what we have
plotted there. If we were to shift those points mea-
sured near the liquid nitrogen temperature forty or
fifty degrees in either direction, they wouldn't {it the
curvature of that curve well at all.

I believe also Dr. Schawlow made the point that when |

the ruby is immersed in the liquid nitrogen, then the :
position of the line agrees with the nitrogen temper-
ature. Did I understand you correctly there?

PROF. SCHAWLOW: That wasn't all we did. We also
used.a clad rod to get thermal ballast. There was
ahout, I think, six times as much sapphire as the
ruby.

PROF. IZATT: I might mention that in this clamping
arrangement the ruby is clamped tightly intoc the bot-
tom of the copper rod with an indium gasket so that
reasonably good thermal contact can be made.

DR. QUELLE: What fraction of the pumping time did
the laser actually lase? What I am getting at is if it
lased an appreciable fraction of the pumping time,
then if there was a frequency shift, vou should see
DbIurring of the fringes as the frequency changes.

PROF. DAW: It lases for about 200 microseconds.
DR. QUELLE: Then if there was any appreciable
shift with temperature, I would assume that you would
see a blurring of your fringes.

PROF. DAW: We do not see a blurring of the fringes.
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DR. McCLUNG: That may explain why you have two
mounds there instead of one. What is the separation
between the two?

PROF. DAW: 0. 38 wave numbers. It's jusi right for
the ground state splitting. It could jump from one

longitudinal mode to the other, but we do not resolve
thesc in the etalon. These two are resolved.

DR. QUELLE: I would assume that's the maximum
amount of -- multiply that by a factor of two or three
for the maximum amouat of palling that you might get,
due to temperature rises.

PROF. DAW: Anyone can see these pictures if they
like. (Refers to prints on pumped sample not repro-
duced here.)

Note added at time-of editing: After the conference
it was confirmed by direct spectrographic observa-
tion of the laser emission that the measured source
temperatures were in error by about 5K, These
measurements were made on a 13-meter Littrow
grating spectrograph which provided dispersion of
about 6 mm/A at 6934A. This instrument was made
available to us by Dr. John Evans, Superintendent of
the Sacramento Peak Observatory, Sunspot, New
Mexico. Delails of the spectrographic measurements
are reported in Variation of Refractive Index During
Laser Operations, Semi-annual Technical Report
Ho. 3, J. R. Izalt, H. A. Daw, R. C. Mitchell,
Contract Nonr 3551(04), April, 1965,

MODERATOR BYRNE: Any further commeit?

I have one, and that is I would like to point out that
the arrangements for the meeting were made by Lloyd
White, and I think that he has done a fine job.

(Applause. )

DR. CULVER: Iwould like to make one comment
before we break up. We all owe ONR quite a debt of
gratitude, because I think this hag been a very fine
meeting all the way around.

(WHEREUPON, at 3:45 o'clock P.M., the meeting
was concluded. )
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